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Abstract
We study N = 1 global and local supersymmetric theories with a con-
tinuous global U(1)R symmetry. We discuss conditions for supersym-
metry (SUSY) breaking and vacuum structures of R-symmetric SUSY
models. Especially we find the conditions for R-symmetry breaking and
runway vacua in global supersymmetric theories. We introduce explicit
R-symmetry breaking terms into such models in global and local super-
symmetric theories. Such explicit R-symmetry breaking terms can lead
to a SUSY preserving minimum. We classify explicit R-symmetry break-
ing terms by the structure of newly appeared SUSY stationary points
as a consequence of the R-breaking effect, which could make the SUSY
breaking vacuum metastable. Based on the generic argument, we propose
the scenario that conformal dynamics causes approximate R-symmetry
and metastable SUSY breaking vacua. At a high energy scale, the su-
perpotential in our model is not R-symmetric, and has a supersymmet-
ric minimum. However, conformal dynamics suppresses several opera-
tors along the renormalization group (RG) flow toward the infrared fixed
point. Then we can find an approximately R-symmetric superpotential,
which has a metastable SUSY breaking vacuum, and the supersymmet-
ric vacuum moves far away from the metastable supersymmetry breaking
vacuum. Furthermore, we find that conformal dynamics also leads ap-
proximate R-symmetry in softly SUSY breaking theories, even in more
complicated models such as the duality cascade. We investigate the RG
flow of SUSY breaking terms as well as supersymmetric couplings in the
duality cascade of softly broken supersymmetric theories. It is found that
the magnitudes of SUSY breaking terms are suppressed in most regimes of
the RG flow through the duality cascade and approximate R-symmetry is
realized at a low energy scale. We also show the possibility that cascading
would be terminated by the gauge symmetry breaking, which is induced by
the so-called B-term. Finally, we find some models to arrive at standard-
model-like models and to cause gauge symmetry breaking corresponding
to electro-weak symmetry breaking.
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1 Introduction
Supersymmetric extension of the standard model is a promising candidate for
the physics around TeV scale. Supersymmetry (SUSY) can stabilize the huge
hierarchy between the weak scale and the Planck scale, and supersymmetric
models with R-parity have the lightest superparticle which is a good candi-
date for the dark matter. In addition, the minimal SUSY standard model
realizes the unification of three gauge couplings at a scale MGUT ∼ 2× 1016
GeV. That may suggest some underlying unified structure in the nature.
In our real world, the SUSY must be broken with certain amount of the
gaugino and scalar masses. The dynamical SUSY breaking has a strong
predictability of the structure of such SUSY particle masses. It was shown
by Nelson and Seiberg (NS) [1] that a global U(1)R symmetry is necessary for
a spontaneous F-term SUSY breaking at the ground state of generic models
with a global SUSY. The spontaneous U(1)R symmetry breaking predicts an
appearance of massless Goldstone mode, R-axion. 1
Recently, it has been argued by Intriligator, Seiberg and Shih (ISS) [2]
that the SUSY breaking vacuum we are living can be metastable for avoiding
the light R-axion and also obtaining gaugino masses, and that such situa-
tion can be realized by a tiny size of explicit U(1)R breaking effects, whose
representative magnitude is denoted by ǫ. In the limit ǫ → 0, there would
be no SUSY vacuum. However, explicit R-symmetry breaking terms with a
tiny, but finite size of ǫ can lead to a SUSY minimum. Such newly appeared
SUSY minimum could be far away from the SUSY breaking minimum, which
is found in the R-symmetric model without explicit R-symmetry breaking
terms. Furthermore, such R-symmetry breaking terms would not have signif-
icant effects on the original SUSY breaking minimum, because R-symmetry
breaking terms are tiny. The distance between the original SUSY breaking
minimum and the newly appeared SUSY preserving minima may be esti-
mated as O(1/ǫ) in the field space. Thus, if R-symmetry breaking terms,
i.e., the size of ǫ, are sufficiently small, the original SUSY breaking minimum
would be a long-lived metastable vacuum.
On the other hand, an introduction of gravity into SUSY theories requires
that the SUSY must be a local symmetry, i.e., supergravity. In supergrav-
ity, the structure of the scalar potential receives a gravitational correction,
1 See for recent works on R-symmetry breaking, e.g. Refs. [2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 13] and references therein.
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and also the background geometry of our spacetime is determined by the
equation of motion depending upon the vacuum energy. In the above global
SUSY model with metastable SUSY breaking vacuum, some fields have large
vacuum values at the SUSY preserving vacuum. In such a case, supergravity
effects might be sizable. Another important motivation to consider super-
gravity is to realize the almost vanishing vacuum energy. The global SUSY
model always has positive vacuum energy at the SUSY breaking minimum.
Supergravity effects could realize almost vanishing vacuum energy.
F-flat conditions have supergravity corrections. Thus, the supergravity
model with global U(1)R symmetry would have aspects different from the
global SUSY model. Furthermore, adding R-symmetry breaking terms would
have different effects between global and local SUSY theories. In section 2,
we study in detail generic aspects of global and local SUSY theories with
R-symmetry and generic behaviors caused by adding explicit R-symmetry
breaking terms. We reconsider the above argument for the dynamical SUSY
breaking and its metastability by comparing global and local SUSY theories,
based on [14].
The important keypoint is to realize the almost vanishing vacuum energy.
That is impossible in the SUSY breaking vacuum of global SUSY models, and
that is a challenging issue in supergravity models. The vacuum energy may be
tuned to vanish, e.g., by the constant superpotential term, which is a sizable
R-symmetry breaking term. That would affect all of vacuum structure such
as metastability of SUSY breaking vacua and presence of SUSY preserving
vacua. Here we study this vacuum structure by using several concrete models,
where we start R-symmetric models and add certain classes of R-symmetry
breaking terms such that the vanishing vacuum energy is realized.
In section 2.1, we study a generic aspect of R-symmetric models within the
framework of global SUSY, such as spontaneous SUSY breaking, R-symmetry
breaking, flat directions and runaway directions. In section 2.2, we consider
the generalized O’Raifeartaigh (OR) model [15] following [2]. We introduce
explicit R-breaking terms into the model and analyze in detail the newly
appeared SUSY vacua as a consequence of the R-symmetry breaking effects.
We also examine the stability of the original SUSY breaking vacuum under
such R-breaking terms.
In section 2.3, we consider supergravity models with R-symmetry. We
extend the argument by NS to the local SUSY theories and study the su-
pergravity OR model. In this section, we also show a special SUSY sta-
tionary point, which does not obey the NS condition, and the associated
5
SUSY breaking vacuum in a certain class of R-symmetric supergravity mod-
els. We introduce explicit R-breaking terms into the supergravity OR model
in section 2.4 and classify them.
In section 2.5, we study the case with R-symmetry breaking terms (A-
type) which might not cause a metastability of SUSY breaking minimum,
because corresponding SUSY vacua disappear when we set the vacuum en-
ergy at the SUSY breaking minimum vanishing. On the other hand, in
section 2.6, we show that another class of R-symmetry breaking terms (B-
type) makes SUSY breaking minimum metastable. Sec. 2.7 is summary of
section 2. In Appendix A, we show some general features of R-axion masses,
and find that the special SUSY solution exhibited in section 2.3 is at best a
saddle point solution.
In section 3, we argue that conformal dynamics can realize such a metastable
SUSY breaking vacuum in global SUSY, based on [16]. We start with a su-
perpotential without R-symmetry. However, we assume the conformal dy-
namics. Because of that, certain couplings are exponentially suppressed.
Then, we could realize an R-symmetric superpotential or an approximately
R-symmetric superpotential with tiny R-symmetry breaking terms. It would
lead to a stable or metastable SUSY breaking vacuum. We study this sce-
nario by using a simple model. Also, we study 5D models, which have the
same behavior.
The application of conformal dynamics provides several interesting as-
pects in supersymmetric models. For example, contact terms like
∫
d4θ|X|2|Q|2
are suppressed exponentially by conformal dynamics in the model that the
chiral superfield X belongs to the hidden conformal sector and the chiral
superfield Q belongs not to the conformal sector, but to the visible sector.
Such conformal suppression mechanism, i.e. conformal sequestering, is quite
important to model building for SUSY breaking [17, 18, 19, 20, 21, 22]. When
X contributes to SUSY breaking sizably, the above contact terms, in gen-
eral, induce flavor-dependent soft SUSY breaking terms, soft sfermion masses
and the so-called A-terms, and they lead to flavor changing neutral current
(FCNC) processes, which are strongly constrained by current experiments.
However, conformal sequestering can suppress the above contact terms and
flavor-dependent contributions to soft SUSY breaking terms. Then, flavor-
blind contributions such as anomaly mediation [23] would become dominant.
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This situation could be also realized in our models.
As we discuss in section 3, conformal dynamics realizes approximate R-
symmetry. On the other hand, even if explicit soft SUSY breaking terms
are included, R-symmetry tends to be recovered by conformal dynamics in
almost cases. We discuss softly SUSY broken theories in section 4, and
study how explicit R-symmetry breaking terms are suppressed by conformal
dynamics. For example, gaugino mass is one of explicit R-symmetry breaking
and soft SUSY breaking terms. It becomes exponentially suppressed as a
gauge coupling approaches an infrared (IR) fixed point. A-terms, which
are trilinear couplings of scalar fields, are also suppressed. We find that
approximate R-symmetry can be also realized in softly broken SUSY theories
by conformal dynamics.
Furthermore, it happens in more complicated models, such as the duality
cascade we study in section 5, that R-symmetry is recovered approximately
at a low-energy scale. The duality cascade is a successive chain of the Seiberg
dualities [24, 25] from the ultraviolet (UV) region to the IR region and reduces
the rank of gauge groups one after another. This leads to more complicated
and interesting renormalization group (RG) flows of dual field theories. We
discuss the duality cascade of softly SUSY broken theories in section 5, based
on Ref.[26]. First, we review the duality cascade and show the unique RG
flows, based on [27, 28]. After that, we study the RG flows of soft SUSY
braking terms by using the spurion method [29, 30, 31, 32, 33, 34] and show
that R-symmetry breaking and SUSY breaking terms are strongly suppressed
as gauge couplings and yukawa couplings approach toward IR fixed points.
However we find that B-term, which is a quadratic term, remains to be a
finite value at a low energy scale.
Moreover, several models have been proposed to realize supersymmet-
ric standard models (SSM) as well as their extensions at the bottom of the
cascade [35, 36, 37]. Those models are quite interesting and have opened pos-
sible candidates for high energy theories. We consider the model with soft
SUSY breaking terms and try to construct models which possibly become
realistic models at the bottom of the cascade. In our discussion, we assume
that SUSY is softly broken at the beginning of the cascade. Then, we study
RG flows of SUSY breaking terms as well as supersymmetric couplings. Fi-
nally, we find some models to arrive at standard-model-like (SM-like) models
and to cause gauge symmetry breaking corresponding to electro-weak (EW)
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symmetry breaking.
In section 5.1, we review briefly the RG flow of supersymmetric couplings
in the duality cascade. In section 5.2, we study RG flows of SUSY breaking
terms in the duality cascade. In section 5.3, we study symmetry breaking due
to the B-term by using illustrative examples. In section 5.4, we give a simple
example whose fields contents are similar to the minimal supersymmetric
standard model (MSSM) or its extensions. Section 5.5 is conclusion in section
5. Section 6 is devoted to summary. In Appendix B and C, we give a short
introduction of the spurion method and the supergraph formalism [38].
2 Generic arguments about SUSY breaking
We study generic arguments about vacuum structures based on [1] and [14]
in global and local SUSY. R-symmetry plays a key role in SUSY breaking.
In section 2.1, we discuss vacuum structures of R-symmetric SUSY models
in global SUSY.
2.1 R-symmetry in global supersymmetric theory
2.1.1 The Nelson and Seiberg argument
First, we review briefly the argument by Nelson and Seiberg [1] in R-symmetric
global SUSY models. Let us consider the global SUSY model with n chiral
superfields QI (I = 1, . . . , n) and their superpotential W (QI). In the case of
global SUSY, F-flat conditions are determined by
WI = 0, (1)
where WI = ∂QIW . Hereafter we use a similar notation for derivatives of
functions H(X) by fields X as HX . The conditions (1) are n complex equa-
tions for n complex variables, and these can have a solution for generic su-
perpotential.
Now, we consider global SUSY models with a continuous global U(1)R
symmetry and a nonvanishing superpotential. Since the superpotential has
the R-charge 2, there exists at least one field with a nonvanishing R-charge.
Suppose that the n-th field Qn is such a field with the nonvanishing R-charge,
8
qn 6= 0. Then, in the following field basis
χi =
Qi
Q
qi/qn
n
, (qχi = 0),
Y = Qn, (qY = qn 6= 0), (2)
where i = 1, 2, . . . , n− 1, the superpotential can be written as
WNS = Y
2/qY ζ(χi). (3)
Then the F-flat conditions (1) become
(2/qY )Y
2/qY −1ζ(χi) = 0, (4)
Y 2/qY ∂χjζ(χi) = 0. (5)
When we look for an R-symmetry breaking vacuum, 〈Y 〉 6= 0, these condi-
tions are equivalent to
ζ(χi) = 0, ∂χjζ(χi) = 0. (6)
These are n complex equations for n−1 complex variables, that is, these are
over-constrained conditions. These cannot be satisfied at the same time for a
generic function ζ(χi), and the SUSY can be broken. This is an observation
by Nelson and Seiberg [1] that the existence of an R-symmetry is the nec-
essary condition for a dynamical SUSY breaking, and is also the sufficient
condition if the R-symmetry is spontaneously broken, 〈Y 〉 6= 0.
However, R-symmetry is often unbroken, because the scalar potential,
which is obtained from the superpotential (3) and the Ka¨hler potential
K(|Y |, χi, χ¯i), is found to have the global minimum at Y = 0, unless the
Ka¨hler potential K(|Y |, χi, χ¯i) is non-trivial. Thus, SUSY is not broken dy-
namically with the NS superpotential (3).
In the following section, we find out the condition for SUSY breaking and
R-symmetry breaking concretely. We discuss models with chiral superfields
by QI and their R-charges are denoted by R[QI ] = qI . Furthermore, we have
R[W ] = 2 and R[WI ] = 2− qI . All of chiral superfields are classified by their
R-charges into three classes, Xa (a = 1, . . . , NX), φα (α = 1, . . . , Nφ), and
Φi (i = 1, . . . , NΦ). R-charges of Xa, φα, and Φi are given as R[Xa] = 2,
R[φα] = 0, and R[Φi] 6= 0, 2, respectively. These are shown in the following
table.
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chiral fields (QI) R-charge (R[QI ] = qI) The number (N [QI ])
Xa R[Xa] = 2 N [Xa] = NX
φα R[φα] = 0 N [φα] = Nφ
Φi R[Φi] 6= 0, 2 N [Φi] = NΦ
2.1.2 R-symmetric vacua
We find that spontaneous R-symmetry breaking is the sufficient condition
for SUSY breaking in the last subsection. However, this does not mean R-
symmetric SUSY breaking vacua cannot exist. In this subsection, we look
for R-symmetric vacua. If R-symmetric vacua exist, the vacuum expectation
values (VEVs) of R-charged fields must vanish. This means that the following
condition
< Xa >=< Φi >= 0 (7)
must be satisfied and WI must also vanish except for WXa ,
WΦi =Wφα = 0. (8)
If the R-symmetric vacua are supersymmetric, F-flat conditions forXa, which
depend on only φi, should be satisfied, i.e.,
WXa(φα, Xa,Φi)
∣∣∣
Xa=Φi=0
= 0. (9)
These are NX equations with Nφ variables. In the case that the number of
equations NX is less than the number of variables Nφ, the F-flat conditions
can be solved generally. Based on the Nelson-Seiberg argument and the above
result, the classification in the following table can be realized.2
NX ≤ Nφ NX > Nφ
R-symmetric SUSY vacua exist. SUSY is always broken.
2.1.3 R-symmetry breaking vacua
In this subsection, we look for the sufficient condition for R-symmetry break-
ing. In this case, the VEV of at least one of Xa,Φi is nonzero, so we define
2In subsection 2.1.4, we discuss models with runaway directions where the relation
NX > Nφ is satisfied but SUSY is restored by the limit that a R-charged field Xa or Φ
goes to infinite.
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Y which is one of Xa,Φi with nonzero VEV. Under this assumption, all WI
are described as
WI = Y
2−qI
q fI(QI/Y
qI
q ), (10)
where we define q = R[Y ] and each fI is a function which depends on (NX +
NΦ+Nφ−1) variables. We define Y as Q1 (q = q1), and define zJ as QJ/Y
qJ
q
for J = 2, . . . , N where N satisfies N = NX +NΦ +Nφ.
In the following arguments, we assume that Ka¨hler potential is canonical,
K =
N∑
I=1
|QI |2. (11)
Then the scalar potential is written by
V =
N∑
I=1
|WI |2. (12)
Under the assumption and conditions, this scalar potential is described as
V =
N∑
I=1
|Y | 2(2−qI )q |fI(zJ )|2
=
Nφ∑
α=1
|Y | 4q |fφα|2 +
NΦ∑
i=1
|Y |
2(2−qΦi
)
q |fΦi|2 +
NX∑
a=1
|fXa |2.
(13)
The scalar potential V is monotonous about |Y | or 1/|Y |, as long as Φi do
not include fields with 2 − qΦi < 0, because all fI do not depend on Y . 3
This leads classifications of R-symmetric models based on the assignments of
fields. We define Q˜I and QˆI , such that Q˜I are the fields which couple with
Xa, and QˆI are the R-charged fields which couple with Xa.
4
For example, we consider the case that all R-charges of Φi are less than
2. In this case, the potential is described as
V =
N∑
I=1
|Y |nI |fI(zJ )|2, (14)
3 The phase direction of Y is the Goldstone mode of U(1)R symmetry breaking.
4Q˜I and QˆI include Xa, and QˆI do not include φα.
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where fI describe fφα , fΦi , and fXa . In the case that q is positive (negative),
each nI is positive (negative) or vanishing. If R-symmetry breaking vacua
exist, the stationary condition for Y must be satisfied,
∂V
∂|Y | =
Nφ∑
α=1
4
q
|Y | 4q−1|fφα|2 +
NΦ∑
i=1
4− 2qΦi
q
|Y |
2(2−qΦi
)
q
−1|fΦi |2 = 0. (15)
We assume that Y is non-vanishing, so that the unique solution is
fφα(zJ ) = fΦi(zJ) = 0 for all φα, Φi. (16)
This means that the F-flat conditions for all fields except for Xa should be
satisfied. The F-flat conditions are (N −NX) equations,
Wφα = WΦi = 0 for all α, i. (17)
If we can find the solutions of these equations, the scalar potential along the
slice Wφα =WΦi = 0 is described as
V (z˜J) =
NX∑
a=1
|fXa |2, (18)
where z˜J is defined as z˜J ≡ Q˜J/Y
qJ
q . The fields z˜J must satisfy the N [z˜]
stationary conditions of this potential, where N [z˜] stands for the number
of z˜J . In order that all equations can be solved generally, the number of
equations must not be larger than the number of the variables. The number
of the equations is (N−NX +N [z˜]) and there are (N −1) complex variables.
Eventually, we find the condition for R-symmetry breaking as (N − NX +
N [z˜]) < N , i.e.,
0 < NX −N [z˜]. (19)
When this relation is satisfied, R-symmetry can be spontaneously broken and
(NX −N [z˜]) complex fields are flat directions. The relation (19) corresponds
to the condition that F-flat conditions for Xa have no solution. This is
because F-flat conditions for Xa are NX equations with N [z˜] variables, so
the NX equations can not be solved if the relation (19) is satisfied. However,
U(1)R-invariant operators which consist of Q˜I only appear in WXa . Here we
define ωp (p = 1, . . . , Nω) as U(1)R-invariant independent operators which
appear in WXa . For example, ωp include φα and operators which consist of
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QˆI , such as (Xa/Xb) (a 6= b) on which WXa depends. In other words, all QˆI
can not be fixed by ∂z˜V = 0. N [z˜] is not larger than Nω. This fact limits
(19) to
0 < NX −Nω. (20)
On the other hand, under the condition NX ≤ Nω, R-symmetry breaking
does not happen, so that there is an R-symmetric SUSY breaking vacuum.
However, we consider models with only positive R-charge fields, so there is a
possibility that QˆI = 0 gives singular values to WXa .
To obtain (20), we limit the assignment of R-charges, but we find the
same condition for satisfying both (16) and ∂z˜JV = 0 in the model with
superfields whose R-charges are more than 2. Moreover, the redefinition in
(13) leads to scalar potentials with both positive and negative power terms
of |Y |. There would be another possibility that we would find a stationary
point where Y is also stabilized at a finite value. However, in the model with
ωp satisfying (20), a global minimum value of the scalar potential, Vmin, is
given by
Vmin = V2(ωpmin) =
NX∑
a=1
|fXa(ωpmin)|2, (21)
where V2(ωp) is defined as
∑NX
a=1 |fXa(ωp)|2 and V2(ωpmin) is a minimum value
of V2(ωp). ωpmin satisfy ∂z˜JV = 0 as long as the equations (17) with any ωp
are satisfied by the other fields.5 This is because the part of the scalar
potential V2 only depends on ωp, and Wφα and WΦi depend on not only ωp
but also the other fields. The F-flat conditions, Wφα = WΦi = 0, can be
satisfied by the fields which do not appear in WXa .
On the other hand, models with Nω ≥ NX have solutions for F-flat con-
ditions for Xa and eventually we find SUSY vacua in the limit Y → ∞ or
Y → 0. In fact, we find runaway supersymmetric vacua in models with
Nω ≥ NX as we discuss in the following subsection.
2.1.4 Runaway vacua
In this section, we study runaway directions in R-symmetric models gener-
ally.6 We classify Φi to Φ
+
i+
, Φ−i− and Φk. The R-charges of Φ
+
i+
and Φ−i−
5 The limit |Y | → 0 or Y → ∞ becomes a solution for (17). The functions fI(z˜J)
whose the coefficients Y
2−qI
q become infinite in the limit also need to vanish by the fields
except for ωp.
6See also Ref.[13].
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satisfy R[Φ+i+ ] = qi+ > 2 and R[Φ
−
i−
] < 0. The fields Φk for k = 1, . . . , (NΦ −
N [Φ+i+ ]− N [Φ−i− ]) describe the fields with R-charges qk (0 < qk < 2). Based
on the above argument, the potential is described as
V =
NX∑
a
|fXa |2 +
∑
i+
(
1
|Y |
) 2|qi+−2|
q
|fΦi+ |2 +
∑
i−
(|Y |)
2|2−qi−
|
q |fΦi− |2
+
∑
k
|Y | 2|2−qk |q |fΦk |2 +
∑
α
|Y | 4q |fφα|2.
(22)
We assume that q is positive. In this case, if we can find the direction that
all fI(zJ) vanish except for fXa and fΦi+ , the scalar potential along such a
direction becomes
V =
NX∑
a
|fXa|2 +
∑
i+
(
1
|Y |
) 2|qi+−2|
q
|fΦ+ |2. (23)
This scalar potential in the limit |Y | → ∞ can be described as
V −→
NX∑
a
|fXa |2. (24)
This means that Y is a runaway direction. Especially, if fXa = 0 for all
a can be satisfied, SUSY is restored by the limit |Y | → ∞.
On the other hand, when we assume that Y is chosen as one of Φ−i− , the
potential on the slice fΦ+i+
= 0 is given by
V =
NX∑
a
|fXa |2 +
∑
i−
(
1
|Y |
) 2|2−qi− |
|q|
|fΦi− |2
+
∑
k
(
1
|Y |
) 2|2−qk |
|q|
|fΦk |2 +
∑
α
(
1
|Y |
) 4
|q|
|fφα|2.
(25)
In the limit |Y | → ∞, the potential is described as
V −→
NX∑
a
|fXa |2. (26)
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This limit also corresponds to V −→ 0 when fXa = 0 for all a are satisfied.
The condition for the solution existing corresponds to 0 ≥ (NX −Nω).
Finally we conclude that there are some runaway directions in models
with the fields whose R-charges are negative and/or more than 2. The scalar
potential in the limit where at least one VEV of R-charged field is infinite, is
given by
∑
a |WXa |2. Especially, the limit restores SUSY in models satisfying
NX ≤ Nω. 7
2.1.5 Example
We show illustrating examples which describe the above generic arguments.
The fields Xa (a = 1, . . . , n) have R-charge 2, and Φ, Φ and φ denote fields
with R-charge 1, −1 and 0 fields respectively. Based on the generic argument,
we expect that the global minimum of the scalar potential exists along the
slice Wφ = WΦ = WΦ = 0 although that may correspond to a runaway
direction. It depends on n whether the minimum preserves SUSY or not.
We consider the renormalizable superpotential as follows,
W =
n∑
a=1
(
fa(φ)X
a + λaX
aΦΦ
)
+
1
2
m(φ)Φ2, (27)
where m(φ) is linear, and fa(φ) are quadratic functions of φ.
The derivatives of W are given by
WXa =fa(φ) + λaΦΦ,
WΦ =
n∑
a=1
λaX
aΦ +m(φ)Φ,
WΦ =
n∑
a=1
λaX
aΦ,
Wφ =
n∑
a=1
∂fa(φ)
∂φ
Xa +
1
2
∂m(φ)
∂φ
Φ2.
(28)
7 If we define Y as a field with negative R-charge, the limit Y → ∞ also gives the
vanishing superpotential, W → 0. If we consider supergravity effects, we would find that
the limit Y →∞ restores SUSY in the models where covariant derivativesWI+KIW also
go to WI in the limit. We need classify R-charge assignments to discuss the supergravity
effect. This is our future work.
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First, we consider the example with n > 3, which corresponds to the case
that a global minimum of the scalar potential is given by V2 = |WXa |2 along
the slice Wφ =WΦ = WΦ = 0. The scalar potential V2(Q˜) is obtained as
V2(Φ,Φ, φ) =
n∑
a=1
|fa(φ) + 1
2
λaΦΦ|2, (29)
where the fields {Q˜} correspond to {Φ,Φ, φ}. In this case, the F-flat con-
ditions for all Xi, WXa = 0, can not be solved. We look for the solutions
for ∂Q˜V2 = 0. V2 depends on two U(1)R-invariant operators, φ(≡ ω1) and
ΦΦ(≡ ω2).
We find that one solution for ∂ΦV2 = ∂ΦV2 = 0 is Φ = Φ = 0 and the
stationary condition for φ, ∂φV2 = 0, is also satisfied as follows,
Φ =Φ = 0,
n∑
a=1
∂fa(φ)
∂φ
fa(φ)
∣∣∣
φ=φ∗
= 0.
(30)
In this case, all Q˜ are fixed by the stationary condition of V2. When equation
(30) is satisfied, the F-flat conditions, Wφ =WΦ = WΦ = 0, are also satisfied
by Xa,
n∑
a=1
∂fa(φ)
∂φ
Xa
∣∣∣
φ=φ∗
= 0, (31)
where the scalar potential V is estimated as
∑n
a=1 |fa|2, and the VEVs of
(n− 1) fields Xa are flat directions.
Furthermore, we find the other solution for ∂Q˜V2 = 0 as follows. The
stationary conditions for V2, ∂ΦV2 = ∂ΦV2 = ∂φV2 = 0, are satisfied by
ω1(≡ φ) and ω2(≡ ΦΦ) satisfying the following equations
ΦΦ =−
∑n
a=1 λafa(φ)∑n
a=1 |λa|2
,
n∑
a=1
∂fa(φ)
∂φ
WXa = 0.
(32)
On the other hand, Φ must vanish in order that the F-flat conditions for Φ
and Φ, WΦ = WΦ = 0 are satisfied, as long as m(φ) is non-vanishing. When
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ω1 and ω2 are fixed by (32), the limit Φ → 0 (Φ → ∞) gives the F-flat
conditions and the fields Xa satisfy the following equations,
n∑
a=1
λaX
a =0,
∂fa(φ)
∂φ
Xa =0.
(33)
In this runaway direction, V is given by
V →
n∑
a=1
(|fa|2 − |λa|2|Φ|2|Φ|2), (34)
where the VEVs of (n − 2) fields Xa are flat directions. Eventually, the
either of these two solutions corresponds to the global minimum of the scalar
potential V .
Second, we consider the model with n = 3. In this case, the number of
Xa (a = 1, 2, 3) is equal to the number of Q˜I (φ,Φ,Φ) which couple with
Xa. However, the vacuum structure is the same as in the case with n > 3
because V2 depends on only U(1)R-invariant operators, φ and ΦΦ. Based on
the condition (20), the model with n = 3 is classified as models satisfying
NX > Nω = 2.
Now we consider the case with n ≤ 2. Based on the generic argument,
there is a runaway direction in this case. In fact, we discuss the model with
n = 2. When the fields, φ, ΦΦ, and Xa are fixed by,
ΦΦ =− f1(φ)
λ1
,
2∑
a=1
λaXa =0,
f2(φ)λ1 − λ2f1(φ) =0,
2∑
a=1
∂fa(φ)
∂φ
Xa =0,
(35)
where the derivatives of W are given by WΦ = WXa = 0, Wφ = (1/2)∂φmΦ
2
and WΦ = m(φ)Φ. When the field Φ vanishes, the field Φ becomes infinite.
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The direction Φ → ∞ corresponds to a runaway direction where SUSY is
restored.
In addition to the above runaway direction, the model with n = 2 has a
R-symmetric vacuum on the slice Φ = Φ = 0.
We give a comment about the case N [Φ] = 0. The renormalizable super-
potential is obtained by λa = 0 in (27)
W =
n∑
a=1
fa(φ)X
a +
1
2
m(φ)Φ2. (36)
In this case, the derivatives of W are given by
WXa =fa(φ),
WΦ =m(φ)Φ,
Wφ =
n∑
a=1
∂fa(φ)
∂φ
Xa +
1
2
∂m(φ)
∂φ
Φ2.
(37)
We can not find a runaway direction, and the global minimum is obtained
along the slice WΦ = Wφ = 0. The two F-flat conditions lead to the following
solution,
Φ =0,
n∑
a=1
∂fa(φ)
∂φ
Xa =0.
(38)
The field φ is fixed by ∂φV2 = 0, so that the global minimum in the model
with n > 1 corresponds to SUSY breaking vacua with (n− 1) flat directions
and the global minimum in the model with n ≤ 1 describes SUSY vacua.
2.1.6 Short summary
We summarize the results we find in the previous subsections and classify
models according to the number of fields with R-charge 2.
[1] NX ≤ Nφ
The F-flat conditions for Xa can be solved generally, so R-symmetric and
supersymmetric vacua can exist. If we find a SUSY breaking vacuum, it is
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metastable. When models have fields with negative R-charge and/or more
than 2 R-charge, there are runaway directions.
[2] Nφ < NX ≤ Nω8
Nω denotes the number of the U(1)R-invariant independent operators of
the fields which appear in the derivatives of W by the fields Xa. We can find
R-symmetric SUSY breaking vacua in this model. However, R-symmetry can
not be broken, as long as there is no field whose R-charge is negative or more
than 2. On the other hand, there are runaway directions in the model with
fields whose R-charges are either negative and/or more than 2. The limit
that an R-charged field goes to infinite restores SUSY, so that R-symmetric
SUSY breaking vacua are metastable. This does not conflict with the NS
argument.
[3] Nω < NX
There is no supersymmetric vacuum in this model with any assignment of
R-charges. It is possible that R-symmetry is also broken generally. Eventu-
ally, there are SUSY breaking minima with (NX −Nω) flat directions, where
the VEVs of R-charged fields correspond to the flat directions. Furthermore,
the minimum of the partial potential V2 =
∑
a |WXa|2 is a global minimum
of the full potential V . The relation Nω < NX corresponds to the condition
that there is no solution satisfying all F-flat conditions for Xa, so that this
condition for R-symmetry breaking corresponds to the condition for SUSY
breaking.
We consider R-symmetric models to discuss SUSY breaking generally,
and we find that we can realize SUSY breaking vacua, if we consider models
which satisfy NX > Nω. The O’Raifeartaigh model [15], which we study in
the next subsection, is well-known as one of those models.
It is not a sufficient condition for spontaneous SUSY breaking that su-
persymmetric models have R-symmetry. However, recently it is proved that
stable SUSY breaking vacua can not exist at tree level in models even with-
out R-symmetry which have general polynomial superpotential and canonical
Ka¨hler potential [11, 39]. SUSY breaking vacua always have flat directions,
8We assume that the condition, Nφ ≤ Nω, is always satisfied in our models.
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as far as avoiding tachyonic modes.9 This result and our argument indicate
that it is appropriate that we concentrate on the O’Raifeartaigh model to
discuss SUSY breaking generally, as we actually do later.
2.1.7 The generalized O’Raifeartaigh model
The O’Raifeartaigh model [15] is a good example of R-symmetric SUSY
models, where SUSY is spontaneously broken. Its generalization is shown in
Ref. [2] as the generalized OR model, which has the following superpotential,
WOR =
∑
a
ga(φi)Xa, (39)
where a = 1, 2, . . . , r and i = 1, 2, . . . , s, and the numbers of fields are con-
strained as r > s. Their R-charges are assigned as qXa = 2 and qφi = 0, and
ga(φi) is a function of φi. Based on the discussion in the previous subsections,
this generalized OR model is a minimal model to cause SUSY breaking. In
this model, F -flat conditions for Xa are just given by
∂XaW = ga(φi) = 0. (40)
These are r complex equations for s complex variables, that is, these are
over-constrained conditions for r > s. Therefore, there is no SUSY solution
satisfying (40) for generic functions ga(φi) with r > s. The superpotential
of the generalized OR model (39) is a specific form of the NS superpotential
(3). In the generalized OR model, SUSY is always spontaneously broken
independently of whether R-symmetry is spontaneously broken or not, or
the fields Xa develop nonvanishing vacuum expectation values or not.
The simplest OR model is the model with r = 1 and s = 0, and has the
superpotential
W(OR)1 = fX1,
where f is a constant. Obviously, SUSY is spontaneously broken in this
model, because WX1 = f . The basic O’Raifeartaigh model corresponds to
the model with r = 2 and s = 1, and g1(φ) = f +
1
2
hφ2 and g2(φ) = mφ, and
has the following superpotential,
W(OR)basic = (f +
1
2
hφ2)X1 +mφX2. (41)
9The flat directions are also discussed generally in Ref. [11].
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The model has only a SUSY breaking pseudo-moduli space,
φ = X2 = 0, X1 : undetermined, (42)
with WX1 = f as a global minimum of the potential. When integrating
out heavy modes X2 and φ, we obtain W(OR)1 as an effective superpotential.
However, the flat direction along X1 is lifted at the one-loop level by inte-
grating out φ, and the SUSY breaking vacuum in the quantum corrected OR
model is given by
φ = X2 = X1 = 0. (43)
These simple models suggest that the tadpole term of Xa is important
for SUSY breaking. Indeed, we can show by simple discussion that non-
vanishing terms of ga(φi) at φi = 0 are sources of SUSY breaking. We
assume that ga(φi) are non-singular functions. Then, we can always rewrite
the superpotential (39) as
WOR =
∑
a
faXa +
∑
a
gˇa(φi)Xa
= f˜ X˜1 +
∑
a
g˜a(φi)X˜a, (g˜a(0) = 0), (44)
where fa = ga(0), gˇa(φi) = ga(φi)− fa, X˜a = UabXb, g˜a(φi) = gˇaU †ab and Uab
is a constant unitary matrix defined by faU
†
ab = f˜b = (f˜ , 0, . . . , 0). In the
following, we will frequently use this basis of fields and omit the tildes to
simplify the notation. In this basis, the F-flat conditions for Xa, Eq. (40),
are written by
WXa = ga(φi)− δa1f = 0. (45)
Together with Wφi =
∑
aXa∂φiga(φi) = 0, we find that, if f = 0, there is a
solution Xa = φi = 0 and SUSY is not broken. Then it is obvious in the field
basis (44) that a nonvanishing f is the source of dynamical SUSY breaking
in the generalized OR model.
In the generalized OR model with the above field basis, the field X1 plays
a special role, while each of Xa (a 6= 1) has the qualitatively same character
as others Xb (b 6= 1). Thus, the simple model with r = 2 and s = 1, and the
superpotential,
W(OR)2 = (f + g1(φ))X1 + g2(φ)X2,
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shows qualitatively generic aspects of the generalized OR model. Its scalar
potential is written as
V = |f + g1(φ)|2 + |g2(φ)|2 + |Wφ|2,
and stationary conditions are obtained as
VX1 = Wφg
′
1(φ) = 0,
VX2 = Wφg
′
2(φ) = 0,
Vφ = WφWφφ + (f + g1(φ))g
′
1(φ) + g2(φ)g
′
1(φ) = 0,
where g′a(φ) = dga(φ)/dφ andWφ =
∑
aXag
′
a(φ). UnlessWφ does not vanish,
we would have over-constrained conditions, i.e., g′1(φ) = g
′
2(φ) = 0 for generic
functions. Thus, in general, the solution of the above stationary conditions
corresponds to
Wφ = X1g
′
1(φ) +X2g
′
2(φ) = 0,
(f + g1(φ))g
′
1(φ) + g2(φ)g
′
1(φ) = 0. (46)
The latter is the condition to fix φ. For a fixed value of φ, a ratio between
X1 and X2 is fixed by the former condition, but the linear combination
X1g
′
2(φ)−X2g′1(φ), (47)
remains undetermined. That is the pseudo-flat direction, and would be lifted
by loop effects. Similarly we can discuss models with several fields Xa and
φi (r > s).
2.2 Explicit R-symmetry breaking and metastable vacua
In order to have Majorana gaugino masses in addition to soft scalar masses,
the R-symmetry must be broken spontaneously or explicitly at the SUSY
breaking minimum we are living. On the other hand, as shown in the previous
section, the NS argument requires an exact R-symmetry for the dynamical
SUSY breaking. Then, an appearance of an unwanted massless Goldstone
mode, an R-axion, is inevitable in such R-symmetry breaking minimum.
Does this mean the dynamical SUSY breaking is phenomenologically disfa-
vored ?
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Recently, it has been argued by Intriligator, Seiberg and Shih [2] that
our world must reside in a metastable state, in order to avoid the above
conflict between gaugino masses and the massless R-axion. The argument is
as follows. Consider a theory with an approximate R-symmetry which has a
small R-symmetry breaking parameter ǫ. In the limit ǫ→ 0, the R-symmetry
becomes exact, and the theory possesses a SUSY breaking ground state due
to the NS argument. For a nonzero but tiny parameter ǫ, this SUSY breaking
minimum still remains as a local minimum of the potential, although there
appear SUSY ground states somewhere in the field space due to explicit R-
symmetry breaking effects. As long as the parameter ǫ is small enough, the
separation between the SUSY breaking minimum and the supersymmetric
vacua is large, and the former can be a long-lived metastable vacuum. These
facts were exhibited by ISS based on the O’Raifeartaigh model as a simple
example of dynamical SUSY breaking model with R-symmetry. Indeed, such
O’Raifeartaigh-type model can be realized in some region of the moduli space
of SUSY Yang-Mills theories [40].
Here following the discussion by ISS we study generic aspects of explicit
R-symmetry breaking terms, and SUSY preserving vacua. We also classify
explicit R-symmetry breaking terms in global SUSY models. In addition, we
discuss metastability.
The simplest R-symmetry breaking term is the constant term WR/ = c,
but the constant term does not play any role in global SUSY theory. Thus,
we do not discuss about adding the constant term in this section. It is
obvious that when we add any R-symmetry breaking term WR/(Y, χ) to the
NS superpotential (3), that can relax over-constrained conditions and F-flat
conditions can have SUSY solutions.
The generalized OR model has richer structure in explicit R-symmetry
breaking terms. To see such structure, we consider the generalized OR model
with three types of typical R-symmetry breaking terms, i) a function includ-
ing only φi fields WR/ = w(φ), ii) a function including only Xa (a 6= 1),
WR/ = w(Xa), and iii) a function including only X1, WR/ = w(X1). The first
type of R-symmetry breaking terms WR/ = w(φ) do not change F-flat con-
ditions for Xa, i.e., ∂XaW = fδa1 + ga(φi) = 0. Hence, there is no SUSY
solution.
For the second type of R-symmetry breaking terms WR/ = w(Xa) (a 6= 1),
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F-flat conditions are obtained as
WX1 = f + g1(φi) = 0,
WXa = ga(φi) + wXa(Wa) = 0 for a 6= 1,
Wφi =
∑
a
Xa∂φiga(φi) = 0.
Thus, if wXa(Wa) 6= 0 for all ofXa, over-constrained conditions can be relaxed
and a SUSY solution can be found. If all of φi vanish, we have g1(φi) = 0
and the condition WX1 = 0 can not be satisfied. Hence, the SUSY minimum,
which appears by adding WR/ = w(Xa) (a 6= 1), corresponds to the point,
where some of φi develop nonvanishing vacuum expectation values.
For the third type of R-symmetry breaking terms WR/ = w(X1), F-flat
conditions are obtained as
WX1 = f + g1(φi) + ∂X1w(X1) = 0,
WXa = ga(φi) = 0 for a 6= 1,
Wφi =
∑
a
Xa∂φiga(φi) = 0.
If r = s+1, the over-constrained conditions can be relaxed. In this case, the
point φi = 0 for all of i can be a solution forWXa = 0 for a 6= 1. Furthermore,
the conditions,
f + ∂X1w(X1) = 0,
∑
a
Xa∂φiga(φi) = 0,
should be satisfied.
When R-symmetry breaking terms include X1 and Xa (a 6= 1), over-
constrained conditions can be relaxed and a solution for F-flat conditions
would correspond to φi 6= 0 for some of φi.
The SUSY breaking minimum is found in the generalized OR model with-
out explicit R-symmetry breaking terms, as discussed in the previous subsec-
tion. As discussed above, SUSY vacua can appear, when we add the definite
form of explicit R-symmetry breaking terms to the generalized OR model.
Thus, the previous SUSY breaking minimum is a metastable vacuum, if such
R-symmetry breaking effects are small around the SUSY breaking minimum
and the SUSY breaking vacuum itself is not destabilized by such R-symmetry
breaking terms.
24
As an illustrating example, we consider the basic OR model (41) with
explicit R-symmetry breaking terms. ISS introduced an explicit R-symmetry
breaking term in the superpotential10, W =W(OR)basic +WR/, where
WR/ =
1
2
ǫmX22 . (48)
In this case, there appears a SUSY minimum,
φ =
√
−2f
h
, X2 = −1
ǫ
φ, X1 =
m
ǫh
,
which is far away from the (local) SUSY breaking minimum (43) for a suffi-
ciently small ǫ≪ 1. In addition, the SUSY breaking minimum is not destabi-
lized by the above R-symmetry breaking term (48). Then the original SUSY
breaking vacuum (43) becomes metastable which can be parametrically long-
lived for ǫ≪ 1.
Instead, if we consider the following R-breaking term [41]
WR/ =
1
2
ǫmX21 , (49)
the newly appeared SUSY point is found as
φ = X2 = 0, X1 = − f
ǫm
.
In this case, the pseudo-moduli space (42) disappears at the tree level. How-
ever, the SUSY breaking point (43) remains as a local minimum due to the
one-loop mass for X1, but becomes metastable. Then the situation is simi-
lar to the above example. We easily find that any R-breaking terms which
consist of only φ do not restore SUSY.
Now, let us study whether the SUSY breaking minimum, which is found
without R-symmetry breaking terms, is destabilized by adding R-symmetry
breaking terms. We consider the generalized OR model with (r = 2, s = 1),
i.e., W(OR)2 , whose stationary conditions (46) are studied in the previous
subsection. Their solutions are denoted by Xa = X
(0)
a and φ = φ(0). First,
we add a small R-symmetry breaking term, WR/ = ǫw(X2), which depends
only on X2. Then, the scalar potential is written as
V = |f + g′1(φ)|2 + |g2(φ) + ǫw′(X2)|2 + |Wφ|2,
10See also Ref. [42].
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where Wφ = X1g
′
1(φ) +X2g
′
2(φ). In addition, we assume that the stationary
conditions of V are satisfied by Xa = X
(0)
a + δXa and φ = φ
(0)+ δφ, and that
all of δXa and δφ are of O(ǫ). For example, the stationary condition along
φ, Vφ = 0, gives the following condition,(∑
a
|g′a(φ(0))|2 +
∑
a
(fδa1 + ga(φ(0)))g
′′
a(φ
(0)))
)
δφ+ ǫg′2(φ
(0)) w′(X02 ) = 0,
where we have used the stationary conditions (46) atXa = X
(0)
a and φ = φ(0).
This is the equation to determine δφ. The stationary condition along X1,
VX1 = 0, reduces to
g′1(φ
(0)) δWφ = 0,
where
δWφ =
∑
a
g′a(φ
(0))δXa +
∑
a
X(0)a g
′′
a(φ)δφ.
Thus, this shows a relation among δXa and δφ unless g
′
1(φ
(0)) = 0. On the
other hand, the stationary condition alongX2, VX2 = 0, leads to the following
equation,
ǫw′′(X
(0)
2 ) g2(φ
(0)) = 0.
This is not an equation among δXa and δφ, but implies that the stationary
condition is destabilized unless w′′(X
(0)
2 ) g1(φ
(0)) = 0. In the above basic
O’Raifeartaigh model, we have g1(φ
(0)) = 0. Thus, the SUSY breaking min-
imum is not destabilized by adding the mass term of X2, w(X2) =
1
2
mX2,
i.e., w′′(X2) 6= 0 at X2 = 0.
Now, let us add an R-symmetry breaking term, WR/ = ǫw(X1), which
depends only on X1. Similarly, we can examine stationary conditions of the
scalar potential,
V = |f + g′1(φ) + ǫw′(X1)|2 + |g2(φ)|2 + |Wφ|2.
The stationary conditions along X2 and φ give an equation to determine δφ
and a relation among δXa and δφ. However, the stationary condition along
X1, VX1 = 0, leads to
w′′(X
(0)
1 )
(
f + g1(φ(0))
)
= 0.
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If this condition is not satisfied, the stationary condition at the SUSY break-
ing vacuum is destabilized. Indeed, the basic O’Raifeartaigh model has
f + g1(φ) = f at φ = 0. Thus, when we add the mass term of X1,
w(X1) =
1
2
mX21 , i.e., w
′′ 6= 0, the SUSY breaking minimum becomes destabi-
lized at the tree level as shown above. Note that this kind of destabilization
would be related to the existence of the flat direction (47) in the OR model
with global SUSY.11
The above discussion shows that adding generic R-symmetry breaking
terms can destabilize the SUSY breaking minimum, which is found in the
model without such explicit R-symmetry breaking terms. In order to realize
metastability of the original SUSY breaking minimum, we need a certain type
of R-symmetry breaking terms. Alternatively, loop-effects would be help-
ful not to destabilize the original SUSY breaking minimum by R-symmetry
breaking terms.
2.3 R-symmetry in supergravity
In the previous section, based on the argument by ISS, we have shown that
a certain type of explicit R-symmetry breaking terms can restore SUSY, and
the original SUSY breaking vacuum can become metastable when a certain
(but not generic) class of explicit R-symmetry breaking terms are added
and/or loop effects stabilize the original SUSY breaking minimum. The
metastable minimum can be parametrically long-lived if the coefficient of
the R-breaking term is sufficiently small with which the SUSY ground state
is far from the metastable state in the field space.
This argument has been performed in a decoupling limit of gravity. As
we find in the above discussion, however, we have to treat a large distance
between some separated minima in the field space. This may imply that
large vacuum values of some fields might be involved in the analysis, where
supergravity effects could become sizable. Moreover, in global SUSY, the
SUSY breaking minima always have a positive vacuum energy with the mag-
nitude of the SUSY breaking scale, which never satisfies the observation that
the vacuum energy almost vanishes. In such a sense, we would be forced to
consider supergravity.
Note that, even in supergravity, it is often a hard task to tune the vacuum
energy at the stationary points of the scalar potential to be almost vanish-
11 Such flat direction would be lifted by supergravity effects.
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ing. This might require a large R-symmetry breaking effect specialized to
supergravity, i.e., a constant term in the superpotential [43]. The existence
of such a special R-symmetry breaking term could also affect the ISS argu-
ment of metastability. Loop effects have contributions to the vacuum energy.
Here we assume that such loop effects are subdominant, and we tune our
parameters such that we realize V ≈ 0 at the tree level. Hereafter we use
the unit with MP l = 1, where MP l denotes the reduced Planck scale.
2.3.1 Nelson-Seiberg argument
In this subsection, we study the NS argument within the framework of super-
gravity theory. In the case of supergravity, F-flat conditions (1) are modified
as
DIW ≡ WI +KIW = 0,
where K denotes the Ka¨hler potential, K(|Y |, χi, χ¯i). In the field basis (2)
with the superpotential (3), these are written as
DχiW = Y
2/qY (ζi +Kiζ) = 0,
DYW = (2/qY + Y KY )Y
2/qY −1ζ = 0.
Then, we find the following two candidates of R-breaking SUSY solutions in
supergravity,
ζi = 0, ζ = 0, (50)
and
Dχiζ = ζi +Kiζ = 0, 2/qY + Y KY = 0. (51)
The first conditions (50) contain n complex equations for n− 1 complex
variables, and the situation is the same as the case of global SUSY (6), that
is, the solution does not exist for a generic function ζ . On the other hand,
the second conditions (51) are n complex equations for n complex variables
which can have a solution. This corresponds to a SUSY stationary point
specialized to R-symmetric supergravity.
In this subsection, we analyze the special SUSY stationary solution (51)
which appears due to purely the supergravity effect and does not obey the
NS condition. Then, in the following we assume that there is a solution for
2/qY + Y KY = 0. (52)
28
For instance, if the Ka¨hler potential is given by
K =
∑
nY =1
cnY |Y |2nY + Kˆ(χi, χ¯i), (53)
the condition (52) becomes
2/qY +
∑
nY =1
nY cnY |Y |2nY = 0.
Then, we need at least one negative value of {cnY , qY } to have a solution.
In the simplest minimal case with cnY >1 = 0 (and then KY Y¯ = c1 > 0), a
negative charge, qY < 0, is required.
A nontrivial point of this solution is that this SUSY stationary point
is always tachyonic as we can see from the arguments in Appendix A. In
addition, we can find a SUSY breaking minima along the direction Dχiζ =
0 (the first condition in Eq. (51)), if we assume that χi receives a heavy
SUSY mass m2χi ≫ m23/2 by the condition DχiW = 0. This is a reasonable
assumption because χi has a vanishing R-charge and ζ(χi) in W is assumed
to be a generic function.
The scalar potential along Dχiζ = 0 is found to be
v(Y ) = V
∣∣∣
Dχif=0
= eK
(
K−1
Y Y¯
|2/qY +KY Y |2 − 3|Y |2
)
|Y |2(2/qY −1)|ζ |2.
Again, for the minimal Ka¨hler potential (53) with c1 = 1 and cnY >1 = 0, the
stationary condition
∂Y v(Y ) = e
Kˆ(〈χi〉,〈χ¯i〉)e|Y |
2|Y |2/qY −2(2/qY + |Y |2)
×
(
|Y |4 + 2(2/qY − 1)|Y |2 + (2/qY )2 − 2/qY
)
= 0,
leads to solutions
|Y |2 = −2/qY , (54)
and
|Y |2 = 1− 2/qY ±
√
1− 2/qY . (55)
The first solution (54) corresponds to the SUSY saddle point and the second
solutions (55) are SUSY breaking minima. We can find this kind of SUSY
breaking minima in a similar way for more generic Ka¨hler potential.
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We can study the same system in a different view point. We redefine the
field Y as
T = − 2
aqY
lnY, (56)
where a is a real constant. In this basis, the Ka¨hler potential and the super-
potential (3) is written as
K = K(T + T¯ , χi, χ¯i),
W = e−aT ζ(χi). (57)
This type of Ka¨hler and superpotential appear in the four-dimensional ef-
fective theory derived from superstring theory, where T may be a modulus
field associated to some compactified dimensions. In such a case, the Ka¨hler
potential is typically given by
K = −nT ln(T + T¯ ) + Kˆ(χi, χ¯i),
where nT is a fractional number, and the T -dependence of the superpoten-
tial (57) may originate from nonperturbative effects such as string/D-brane
instanton effects and gaugino condensation effects, where the corresponding
gauge coupling is determined by the vacuum value of T . In this case, the
scalar potential along Dχiζ = 0 is given by
v(T ) = V
∣∣∣
Dχif=0
= eK
(
K−1
T T¯
(KT − a)2 − 3
)
|e−aT ζ |2,
and then the stationary condition
∂tv(t) = −eKˆ(〈χi〉,〈χ¯i〉)e−att−nT−1
×(at + nT )
(
(a2/nT )t
2 + 2a(1− 1/nT )t + nT − 3
)
= 0,
results in a SUSY saddle point t = −n/a and SUSY breaking minima
t = −(nT/a)(1− 1/nT )± (nT |a|/a2)
√
5/nT + 1/n2T ,
where t = T + T¯ .
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In the literature, there are examples of the models which have this kind
of vacuum structure of the potential. Typical superstring models have sev-
eral moduli TI with the Ka¨hler potential K = ln
∏
I(TI + T¯I)
−nTI . The
superpotential induced by some nonperturbative effects is given by
W =
∑
n
Ane
P
I a
I
nTI ,
where An and a
I
n are constants. If the number of the moduli is the same
as or larger than the number of the nonperturbative terms appearing in
the superpotential [44], we can define an R-symmetry. A particular linear
combination of TI ’s corresponds to T in Eq. (57) which is determined by the
condition that all the remaining combinations corresponding χi’s receive a
heavy mass by the SUSY condition DχiW = 0. This is possible for certain
values of aIn. For the two moduli with double nonperturbative terms, i.e.,
racetrack models, a detailed analysis was carried out in Ref. [45].
We stress that the analysis of the SUSY breaking minimum as well as
the SUSY saddle point in this subsection is based on the assumption that
all the other fields χi than Y or T are stabilized by DχiW = 0, that is, by
the SUSY masses [46]. We comment that these stationary solutions have
a nonvanishing and negative vacuum energy. We need to uplift the SUSY
breaking minimum to a Minkowski vacuum in order to identify this minimum
as the one we are living. For such purpose, we need another sector which
provides the uplifting energy and is well sequestered in order not to spoil the
original structure of dynamical SUSY breaking. Such sector can be realized
by a dynamically generated F-term [47, 48] for which the discussions in the
following sections would be important.
In summary, there is a possibility of special SUSY stationary solution
in R-symmetric supergravity with a generic superpotential. However, it is
always a saddle point at best and we find SUSY breaking minima with lower
vacuum energy. This may imply that the NS argument for a dynamical SUSY
breaking is qualitatively correct also in this case, although there is a SUSY
solution. Furthermore, the NS argument still holds in supergravity as long
as the Ka¨hler potential satisfies 2/qY + Y KY 6= 0 for any value of Y in the
field basis (2). For instance, in typical models with qY > 0 and K = |Y |2,
we always find 2/qY + Y KY > 0.
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2.3.2 Generalized O’Raifeartaigh model in supergravity
Now we consider the generalized OR model (39) in supergravity. The F-flat
conditions (40) for Xa become
DXaW = ∂XaW + (∂XaK)W
=
∑
b
Mab(Xc, φi) (gb(φi) + δb1f) = 0, (58)
where
Mab(Xc, φi) = δab +KXaXb.
We define its determinant as
∆ ≡ detMab = 1 +
∑
a
KXaXa. (59)
If there is no solution for ∆ = 0, the matrix Mab has an inverse matrix
and consequently the F-flat conditions (58) are reduced to the same ones as
Eq. (40) in the global SUSY,
ga(φi) + δa1f = 0,
which does not allow a solution for r > s in general. However, in the limit
f → 0 in the tilde basis (44), these equations are satisfied at φi = 0. Thus,
the constant f represents the typical size of SUSY breaking effects and ga(φi)
as the global SUSY case. We comment that the situation changes if there
exists a solution of ∆ = 0. Actually, the condition ∆ = 0 is an analogue of
the second condition in Eq. (51). Then, we can carry out a similar analysis
as in the previous subsection also for this OR model. That is straightforward
and is omitted here. Note that the condition ∆ = 0 is never satisfied for a
minimal Ka¨hler potential,
K =
∑
a
|Xa|2 +
∑
i
|φi|2. (60)
In the following, we just assume that there is no solution for ∆ = 0.
We comment that, even in supergravity, the scalar potential is positive,
V > 0, in the generalized OR model (44) with the minimal Ka¨hler potential
(60). In this case, the scalar potential is written as
V = eK
[
(g¯a + δa1f¯)
{
δab + (|Xc|2 − 1)X¯aXb
}
(gb + δb1f) + |XaDφiga|2
]
.
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For any vacuum values of Xa, we can always rotate their basis as
UabXb = Xˆa = (0, . . . , 0, Xˆc, 0, . . . , 0),
by a unitary matrix U(Xa), and in this basis we can write
e−KV =
{
(|Xˆc|2 − 1/2)2 + 3/4
}|gˆc|2 +∑
a6=c
|gˆa|2 +
∑
i
|XˆcDφi gˆc|2 > 0,
where gˆa = (U
†)ab (gb+ δb1f). Note that gˆa are now Xa-dependent functions.
As discussed above, the conditions, gˆa(φ) = 0, can not be satisfied at the
same time. Thus, the vacuum energy must be positive, V > 0. Since typical
magnitudes of gˆa(φ) would be of O(f), we would estimate V ∼ f 2. To realize
the almost vanishing vacuum energy V ≈ 0 at this SUSY breaking minimum,
we need a negative and sizable contribution to the vacuum energy, which can
be generated by R-symmetry breaking effects, e.g., the constant term in the
superpotential.
We would find the features like this in the models whose superpotentials
do not have quadratic terms of Xa, mabX
aXb,
W = Xag
a(φi,ΦI) + wˆ(φi,ΦI), (61)
where the R-charges of ΦI are not zero or 2. This is because ΦI = 0 for all
I could be a solution of the F-flat conditions for ΦI . This leads the same
situation as the above because of wˆ(φi,ΦI) = 0. However, this argument is
formed on the slice, ΦI = 0, and it is not easy to discuss whether vacua with
negative vacuum energy exist in the directions, ΦI 6= 0.
2.4 Explicit R-symmetry breaking in supergravity
Here we study explicit R-symmetry breaking terms in supergravity and ex-
amine whether SUSY solutions can be found by adding explicit R-symmetry
breaking terms to the NS model and the generalized OR model. In the pre-
vious section, we have pointed out that there is a SUSY stationary point
when the condition (52) or the condition ∆ = 0 is satisfied. In the following
sections, we consider the models, where such conditions are not satisfied,
and SUSY is broken in the NS and generalized OR models even within the
framework of supergravity like global SUSY theory.
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First we consider the NS model with explicit R-symmetry breaking terms
WR/ = w(Y, χi). The total superpotential is written as,
W = Y 2/qY ζ(χi) + w(Y, χi).
In this case, F-flat conditions of supergravity theory, DYW = DχiW = 0,
do not lead to over-constrained conditions for any non-vanishing function
w(Y, χi). It is remarkable that within the framework of supergravity theory
the constant term WR/ = c breaks R-symmetry and even such term is enough
to relax the over-constrained conditions.
2.4.1 Generalized O’Raifeartaigh model
Let us study more explicitly the generalized OR model with explicit R-
symmetry breaking terms WR/ = w(Xa, φi). The total superpotential is writ-
ten as,
W = fX1 +
r∑
a=1
ga(φi)Xa + w(Xa, φi).
First, we consider the case with the constant R-symmetry breaking term,
WR/ = c. In this case, F-flat conditions are written explicitly as
DXaW = fδa1 + ga(φi) +KXa
(
fX1 +
r∑
a=1
ga(φi)Xa + c
)
= 0,
DφiW =
∑
a
Xa∂iga(φi) +Kφi
(
fX1 +
r∑
a=1
ga(φi)Xa + c
)
= 0.
The former conditions are not always over-constrained for c 6= 0. Further-
more, the vacuum expectation value of W and at least (r−s) vacuum values
of KXa are required to be non-vanishing. Otherwise, the former conditions
become over-constrained for generic functions ga(φi). Furthermore, when
KXa for a 6= 1 does not vanish, all vacuum values of φi can not vanish to
satisfy DXaW = ga(φi)+KXaW = 0. Thus, a SUSY solution can be found by
adding WR/ = c. This solution corresponds to the AdS SUSY minimum, be-
cause non-vanishing 〈W 〉 is required and the scalar potential at this point is
evaluated as V = −3eK |W |2 < 0. The values of the constant c and 〈W 〉must
be sizable, because this AdS SUSY point disappears in the limit that c→ 0
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or 〈W 〉 → 0. Magnitudes of c and 〈W 〉 are expected to be comparable with f
when KXa = O(1). Hence, we can find the new type of SUSY solution, which
can not be found in global SUSY theory. However, that requires large values
of c and 〈W 〉, and may have sizable effects on the previous SUSY breaking
minimum, which is found in the generalized OR model without R-symmetry
breaking terms.
Similarly, we can discuss the case that R-symmetry breaking terms in-
clude only φi fields, i.e., WR/ = w(φi). In this case, F-flat conditions along
Xa, DXaW = 0, are written as
DXaW = fδa1 + ga(φi) +KXa
(
fX1 +
r∑
a=1
ga(φi)Xa + w(φi)
)
= 0.
Thus, the situation is quite similar to the case withWR/ = c. To have a SUSY
solution, it is required that 〈W 〉, 〈w(φi)〉 and at least (r− s) vacuum values
of KXa must be non-vanishing. Sizes of 〈W 〉 and 〈w(φi)〉 are expected to be
comparable with f .
Finally, we consider the case that R-symmetry breaking terms include Xa
fields, WR/ = w(Xa, φi). In this case, F-flat conditions along Xa, DXaW = 0,
are written as
DXaW = fδa1 + ga(φi) + ∂Xaw(Xa, φi) +KXaW = 0.
When KXaW is sufficiently small, the above F-flat conditions correspond to
F-flat conditions in global SUSY theory. In such a case, we have a SUSY
solution when w(Xa, φi) depend on at least (r−s)Xa’s. Otherwise, the global
SUSY solution can not be found, but a SUSY solution with 〈w(Xa, φi)〉 6= 0
and 〈W 〉 6= 0 can be found within the framework of supergravity theory.
Such situation is similar to the case with WR/ = c.
We have discussed that the NS model and generalized OR model with R-
symmetry breaking terms have SUSY solutions with 〈W 〉 6= 0 in supergravity
theory. If the SUSY breaking minimum, which is found without R-symmetry
breaking terms, is not destabilized by the presence of R-symmetry breaking
terms, the previous SUSY breaking minimum would correspond to a SUSY
breaking metastable vacuum. However, a sizable vacuum value of superpo-
tential is required unless ∂Xaw(Xa, φi) 6= 0 for at least (r − s) Xa fields.
Such large superpotential (even if that is a constant term) would affect the
stability of the previous SUSY breaking minimum.
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Furthermore, we have another reason to have a large size of 〈W 〉 at the
previous SUSY breaking minimum. At the previous SUSY breaking mini-
mum, the vacuum energy is estimated as V ∼ |f |2 > 0 for 〈W 〉 = 0. To
realize the almost vanishing vacuum energy, V ≈ 0, we need a non-vanishing
value of 〈W 〉, which are comparable with f . In this case, supergravity effects
at the previous SUSY breaking minimum are not negligible. This purpose to
realize V ≈ 0 has the implication even for the case that R-symmetry break-
ing terms include more than (r − s) Xa fields. In this case, we can find a
(global) SUSY solution even for 〈W 〉 = 0. However, realization of V ≈ 0
requires a sizable vacuum value of 〈W 〉, although values 〈W 〉 at the SUSY
breaking minimum and SUSY preserving minimum are not the same. Hence,
it is quite non-trivial whether one can realize a metastable SUSY breaking
vacuum with V ≈ 0 in supergravity theory, which has a SUSY minimum.
We will study this possibility concretely by using simple classes of the gener-
alized OR models in the following sections. We will concentrate ourselves to
the minimal Ka¨hler potential (60) in most cases of the following discussions.
2.4.2 Classification of R-breaking terms in supergravity
In this subsection and the following sections, we consider minutely the previ-
ous discussions about the explicit R-symmetry breaking in the supergravity
framework by examining concrete examples. We introduce the explicit R-
symmetry breaking terms WR/ into the above supergravity OR model,
WR/ = c(φi) +
1
2
∑
a,b
mǫab(φi)XaXb + · · · , (62)
where c(φi) and ǫab(φi) are generic functions of φi including φ-independent
constants, and the ellipsis denotes the higher order terms inXa. Note that, as
mentioned before, only the ǫab(φi) terms are relevant to the recovery of SUSY
vacua in the case of global SUSY. Now we have the total superpotential,
W = WOR +WR/. The F-flat conditions (45) are modified as
DXaW =
∑
b
Mab
(
gb(φi) + δa1f1 +
∑
c,d
M−1bc ǫcd(φi)Xd +∆
−1KXbWR/
)
= 0.
(63)
Here we find that all the terms in WR/ including c(φi) are accompanied by Xa
in the above F-flat conditions and then have a possibility for restoring SUSY,
contrary to the case of global SUSY explained in the previous subsection.
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Most notably, just a constant superpotential
WR/ = c, (64)
i.e., c(φi) = c and ǫab(φi) = 0, can restore SUSY. In this case with the
minimal Ka¨hler potential (60), we find a solution for Eq. (63) as
X¯a = −c−1∆ ga(φi), (65)
where ∆ = 1 +
∑
a |Xa|2 defined in Eq. (59) is real and positive. From
Eq. (65), Xa can be written in terms of φi, and then ∆ is given by
∆ =
|c|2 ± |c|√|c|2 − 4∑a |ga(φi)|
2
∑
a |ga(φi)|
,
which should be a real number. Therefore, in order for the SUSY solution
(65) to be valid, the constant superpotential c must satisfy the condition
4
∑
a
|ga(〈φi〉)|2 ≤ |c|2, (66)
where 〈φi〉 are solutions of DφiW = 0 under the condition (65).
Because X1 is distinguished in the superpotential (44), we divide the
generic R-breaking terms (62) into two parts:
WR/ = W
(A)
R/ +W
(B)
R/ ,
where
W
(A)
R/ (Xa6=1; φi) = c(φi) +
1
2
∑
a,b6=1
mǫab(φi)XaXb + · · · , (67)
W
(B)
R/ (X1; Xa6=1, φi) =
∑
a6=1
mǫa1(φi)XaX1 +
1
2
mǫ11(φi)X
2
1 + · · · . (68)
The ellipses denote the higher order terms in terms of Xa6=1 in W
(A)
R/ , and
those of X1 and Xa6=1 in W
(B)
R/ . Without loss of generality, we can assume
that ǫ11(0) is real and positive among ǫab(0), which is referred as ǫ in Sec. 2.6.
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2.5 Type-A breaking: Polonyi-like models
In this section, we study the effect of R-breaking terms (67) which we call
the A-type breaking, that is, the total superpotential is written by
W = WOR +W
(A)
R/ .
Because this type of breaking terms does not contain X1, we find the Polonyi
model [49]
W
∣∣
Xa 6=1=0,φi=0
= WPolonyi ≡ fX1 + c, (69)
in the hypersurface Xa6=1 = 0, φi = 0 of the scalar potential, where c =
c(0). This hypersurface would be a stationary plane in the Xa6=1- and the
φi-directions if ∂φiga6=1(0) are sufficiently large, which correspond to SUSY
masses for Xa6=1 and φi on that plane.
Moreover, if mi1 and/or h
ij
1 in
g1(φi) = m
i
1φi + h
ij
1 φiφj + · · · , (70)
are nonvanishing, the Polonyi model in this hypersurface can be affected/modified
by a tree-level SUSY mass and/or a one-loop SUSY breaking mass for X1.
Then, we further classify the A-type breaking models into two cases, g1(φi) =
0 and g1(φi) 6= 0.
2.5.1 Decoupled case: g1(φi) = 0
In the case with g1(φi) = 0, the superpotential of the A-type breaking models
is written as
W = fX1 +
∑
a6=1
ga(φi)Xa + c(φi) +
1
2
∑
a,b6=1
mǫab(φi)XaXb + · · ·
= c+ fX1 +
1
2
µABΦAΦB + · · · ,
where ΦA = (Xa6=1, φi) with the index A = (a 6= 1, i). The SUSY mass
matrix µAB is given by the R-breaking components, µa6=1,b6=1 = mǫab(0),
µij = ∂φi∂φjc(0) and the R-symmetric components, µa6=1,i = 2∂φiga(0). After
the unitary rotation which makes µAB diagonal, the above superpotential
takes the form of
W = c+ fX1 +
1
2
µAΦ
2
A + · · · , (71)
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where µA represents the eigenvalues of µAB. Because of the SUSY mass
µA, the field ΦA would be integrated out without affecting the low energy
dynamics of X1, because X1 is completely decoupled in the present case
12.
Then, the effective action for X ≡ X1 is just determined by the Polonyi
superpotential (69), where the phase of c and f can be eliminated by the
U(1)R rotation and the rephasing of X1. Assuming the minimal Ka¨hler
potential (60) for simplicity, the effective scalar potential is minimized by a
real vacuum value X = X¯ = x satisfying the stationary condition
VX = e
GGX(GXX +G
2
X − 2) = 0,
where G = K + ln |W |2 and
GXX +G
2
X − 2 = fW−1(x3 + f−1cx2 − 2f−1c), (72)
GX = fW
−1(x2 + f−1cx+ 1). (73)
The F-flat condition for X corresponds to GX = 0, and the SUSY breaking
stationary point is determined by the condition GXX +G
2
X − 2 = 0.
As we declared, we persist in obtaining a vanishing vacuum energy at
the SUSY breaking minimum. Then in addition to the stationary condition
GXX + G
2
X − 2 = 0, we set V = eG(GXX¯ |GX |2 − 3) = 0. In this case, we
have to take a definite value of the constant c and find two solutions
(x, f−1c) = (
√
3− 1, 2−
√
3), (74)
and
(x, f−1c) = (−
√
3− 1, 2 +
√
3). (75)
The mass eigenvalues of (ReX, ImX) are computed as (2
√
3f 2, (4−2√3)f 2)
for the first solution (74), and (−2√3f 2, (4+2√3)f 2) for the second one (75),
at this SUSY breaking Minkowski stationary point whereW = f . Then, only
the first solution (74) can be a minimum of the potential, while the second
one (75) is a saddle point. We comment that φi and Xa6=1 directions would
not possess tachyonic masses at these points for sufficiently large SUSY mass
µA compared with the SUSY breaking mass f . Therefore, the candidate
for our present universe, where the SUSY is broken with (almost) vanishing
vacuum energy, is the first solution (74).
12We may have to assume that the Ka¨hler mixing is also zero or negligible between X1
and the others.
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In addition to a SUSY breaking solution satisfying GXX + G
2
X − 2 = 0,
we have a SUSY solution GX = 0 due to the R-breaking effect c 6= 0, that is,
x± =
1
2
(−f−1c±
√
(f−1c)2 − 4), (76)
if the R-breaking constant c satisfies
|f−1c| ≥ 2. (77)
Note that this condition (77) corresponds to Eq. (66) in the previous general
argument for the generalized ORmodel. The mass eigenvalues of (ReX, ImX)
are computed as W 2±(x
2
±− 2)(x2±+1) and W 2±(x2±− 1)(x2±+2) at this SUSY
AdS stationary point where
|W±| = |fx± + c| = 1
2
∣∣∣f(f−1c±√(f−1c)2 − 4)∣∣∣ > 0,
and then we obtain
V = −3eG = −3ex2±|W±|2 < 0.
Remark that, in the vanishing (one of) R-breaking limit, c→ 0, the condition
(77) is not satisfied, and the SUSY solution (76) disappears. In the other
words, this SUSY solution is a consequence of the R-breaking constant term c
in the superpotential. Due to the appearance of this SUSY solution, there is
a possibility that the SUSY breaking point determined by GXX +G
2
X − 2 =
0 becomes a metastable vacuum as in the case of global SUSY explained
previously.
However, this is not the case. Interestingly, if we tune the R-breaking
constant superpotential c as f−1c = 2 − √3 so that the solution (74) with
the vanishing vacuum energy is realized, the condition (77) is not satisfied
and the SUSY stationary solution (76) disappears. In such a sense, the
constant R-breaking term c does not lead to a metastability of SUSY breaking
Minkowski minimum (74).
Next, we consider the SUSY stationary solutions outside the Polonyi slice
Xa6=1 = 0, φi = 0. For the superpotential (71), the F-flat directions are
determined by
DΦAW = KAW + µAΦA + · · · = 0,
DX1W = f +KX1W = 0,
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which can be satisfied by distinguishing a single field ΦB 6= 0 for ∃B as
W = −K−1B ΦB(µB + · · · ) = −K−1X1f (for ∃B), (78)
ΦA = KA = 0 (for A 6= B),
where the ellipsis represents the higher order terms of ΦB. The first line gives
two complex equations for two complex variables X1 and Φ∃B, which have a
solution in general.
For example, if the Ka¨hler potential is minimal (60), all the parameters
in the superpotential are real and there is no higher order terms of ΦB (no
ellipses in the above expressions), then the solution for Eq. (78) is found as
Φ2B = −2
(
c
µB
+
f 2
µ2B
+ 1
)
> 0, ΦA 6=B = 0. (79)
For this value of ΦB, the remaining condition DX1W = 0 is satisfied by
X1 = f/µB.
Note that the number of these SUSY points is nX + nφ − 1 because the
solution (79) is valid for every choice of B = (b 6= 1, j). In order for the
solution (79) to be valid, the parameter µB must satisfy
µ2B + cµB + f
2 ≤ 0.
This leads to the same condition (77) for the R-breaking constant term c as
in the Polonyi-type SUSY solution.
In summary, the A-type breaking terms (67) can restore SUSY in the
generalized OR model (39) or equivalently (44) in general. However, if we
tune the R-breaking constant term in the superpotential so that the SUSY
breaking minimum has a vanishing vacuum energy, i.e., (74), the SUSY so-
lutions (76) and (79) disappear. Therefore, in this sense, the A-type R-
symmetry breaking terms do not lead to a metastability of the SUSY break-
ing (Minkowski) vacuum aside from a possibility of the existence of more
complicated SUSY solutions than (79).
2.5.2 Generic case: g1(φi) 6= 0
Now we turn on a nonvanishing g1(φi) as in Eq. (70). With this term, the
tree-level (field dependent) mass matrices in the φi = 0 plane contain the
41
following contributions,
VX1X¯1
∣∣
φl=0
= |mi1|2 + · · · ,
Vφiφ¯j¯
∣∣
φl=0
= mi1m¯
j¯
1 + 4h
ik
1 h¯
j¯k¯
1 |X1|2 + · · · ,
Vφiφj
∣∣
φl=0
= hij1 f¯ + · · · ,
VX1φi
∣∣
φl=0
= 2hij1 m¯
j¯
1X1 + · · · , (80)
where the ellipses represent the original terms involving Xa6=1, those coming
from c(φi), and the supergravity corrections. Here the doubled indices are
summed up. The Ka¨hler covariant derivatives of the superpotential in the
hypersurface φi = 0, Xa6=1 = 0 are given by
DX1W
∣∣
φl=0
= f+KX1W, DXa 6=0W
∣∣
φl=0
= 0, DφiW
∣∣
φl=0
= mi1X1.
From the third equation, we find that φi can not be integrated out prior to
X1 by the F-flat condition DφiW = 0 unlike before. This is because, with the
nonvanishing mi1, the source field X1 for SUSY breaking shares a common
SUSY mass with φi as shown in Eq. (80).
In this case, the purely X1-direction is no longer special in the scalar
potential. We have to treat X1 and φi at the same time. The analysis
is quite complicated, and then we consider the case with mi1 = 0 in the
following, where g1(φi) starts from the quadratic term in φi, and the φi can
be integrated by their F-flat conditions DφiW = 0 resulting φi = 0. We
will comment about the case with mi1 6= 0 in Sec. 2.6.2 together with more
general R-breaking terms. The components of the mass matrices (80) are
now reduced to
Vφiφ¯j¯
∣∣
φl=0
= 4hik1 h¯
j¯k¯
1 |X1|2 + · · · , Vφiφj
∣∣
φl=0
= hij1 f¯ + · · · .
From the second equation, we observe that some linear combinations of Reφi
and Imφj become tachyonic in the φi = 0 plane if |hij1 f | dominate the SUSY
mass for φi. The X1-dependence in the first one indicates that a SUSY
breaking mass of X1 is generated at the one-loop level, which is proportional
to hij1 .
Therefore, the effective potential after integrating out φi and Xa6=1 is
given by
V = V (0) + V (1), V (0) = eG(GXX¯ |GX |2 − 3), V (1) = m2X |X|2, (81)
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where X ≡ X1, G = K + ln |W |2, and the effective superpotential W =
WPolonyi is shown in Eq. (69). The one-loop mass mX is determined by h
ij
1
as well as f , which would be considered as an independent parameter in the
effective action. The stationary condition VX = 0 results in [48]
X ≃ 2fc/m2X ,
for c ∼ f ∼ mX ≪ 1 in the unit with MP l = 1, and the vanishing vacuum
energy at this minimum requires
c = f/
√
3 +O(f 3/m2X).
The SUSY is broken at this Minkowski minimum with DXW = f + O(f 2)
and W = f/
√
3 +O(f 2).
2.6 Adding type-B breaking: Metastable universe
In the previous section, we have analyzed the generalized OR model with the
explicit R-symmetry breaking terms (68) which do not involve the source field
X1 for the dynamical SUSY breaking.
In this section, we study more general case with the R-breaking terms
(67) including X1, i.e.,
W = WOR +W
(A)
R/ +W
(B)
R/ .
In the type-B breaking terms (67), the first term with ǫa6=1,1(0) gives the
common SUSY mass for X1 and Xa6=1 in the φi = 0 plane. Then the situation
is similar to the case with a nonvanishing mi1 in Eq. (70), that is, we can not
integrate out Xa6=1 prior to X1, and we will include this case also in Sec. 2.6.2.
By setting ǫa6=1,1(0) = 0, the superpotential in the hypersurface φi =
Xa6=1 = 0 is given by
W = fX +
1
2
mǫX2 + c+ · · · , (82)
where X ≡ X1, ǫ = ǫ11(0) and the ellipsis stands for the higher order terms
in X .
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2.6.1 Decoupled case: g1(φi) = 0
As in the previous section, we first consider the case with g1(φi) = 0, where
X1 is decoupled from the others in the superpotential. In this case the
hypersurface φi = Xa6=1 = 0 would be stable in the φi-, Xa6=1-direction as in
Sec. 2.5.1. The effective theory in this slice is described by the superpotential
(82).
With the minimal Ka¨hler potential (60), real parameters f , c, m and
no higher order terms (ellipsis) in the superpotential (82) for simplicity, the
SUSY breaking and SUSY stationary conditions are respectively given by
Eqs. (72) and (73). In the limit ǫ → 0 of Eq. (82), the SUSY breaking
solution is given by Eq. (74). Then we can find the deviation of X from
this point assuming ǫ ≪ 1 and m ∼ c1/3 ∼ f 1/2. We find a SUSY breaking
minimum with a vanishing vacuum energy at
XSB = X0 + δX, X0 =
√
3− 1, δX = −ǫm
2f
+O(ǫ2), (83)
where the constant superpotential term c is tuned as
c = (2−
√
3)f + (2
√
3− 3)ǫm+O(ǫ2). (84)
On the other hand, a SUSY solution,
XSUSY ≃ − 2f
ǫm
, (85)
arises as a consequence of the B-type R-breaking term represented by the
parameter ǫ, although the vacuum energy is set to be vanishing at the SUSY
breaking minimum. This is unlike the case of SUSY solutions (76) and (79)
caused by the introduction of A-type R-breaking terms (67). The shift of
SUSY breaking minimum δX in Eq. (83) is rewritten as
δX/X0 ≃ 1√
3− 1
1
XSUSY
,
and we find
|XSUSY | > 1√
3− 1 ∼ O(1),
in order for the shift δX to reside in a perturbative region, |δX/X0| < 1.
This means that the vacuum value of |X| at the newly appeared SUSY
vacuummust be larger than the Planck scaleMP l = 1, where the supergravity
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Figure 1: Parameter region (white) of µB and ǫ allowing the SUSY solution
(86). All the parameters are assumed to be real and the constant term c is
fixed by the vanishing vacuum energy condition (84) at the SUSY breaking
minimum (83). In the shaded region, the SUSY solution (86) is not allowed
and the SUSY breaking solution (83) does not become metastable due to the
R-breaking effect parameterized by ǫ. We find no allowed region in the limit
ǫ→ 0 which corresponds to the solution (79).
calculation might not be valid. It would be possible that the potential is lifted
for |X| > 1 by the effect of quantum gravity, the above SUSY vacuum is
washed out and the SUSY breaking minimum remains as a global minimum.
If the supergravity approximation is valid even for |X| > 1 by any reason,
we obtain a constraint on the R-breaking parameter ǫ as
ǫ < 2(
√
3− 1)|f/m|,
from the above condition.
We also find a SUSY minimum outside the hyperplane φi = Xa6=1 = 0,
which is a generalization of Eq. (79), given by
Φ2B = −
2
µB
{
µB + c +
f 2
µB − ǫm
(
1 +
ǫm
2(µB − ǫm)
)}
≥ 0,
ΦA 6=B = KA 6=B = 0, X =
f
µB − ǫm, (86)
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where we assumed the minimal Ka¨hler potential (60), and the absence of the
higher order terms of X in the superpotential for concreteness. In the limit
ǫ→ 0, this solution is reduced to (79). In contrast to (79), the above solution
(86) does not disappear in all of the parameter region, even after the vacuum
energy at the SUSY breaking minimum is set to zero as in Eq. (83). Such
parameter region of µB and ǫ allowing the SUSY solution is shown in Fig. 1.
In the shaded region, the SUSY solution (86) is not allowed and the SUSY
breaking solution does not become metastable due to the R-breaking effect
represented by ǫ. Note that we find no allowed region along the ǫ = 0 axis,
which corresponds to the case of the solution (79).
2.6.2 Generic case: g1(φi) 6= 0
Finally we introduce nonvanishing g1(φ). As in subsection 2.5.2, we first
consider the case with mi1 = 0 in Eq. (70). In this case we can still integrate
φi and Xa6=1 by use of DφiW = DXa 6=1W = 0 resulting in φi = Xa6=1 = 0.
The remnant of these heavy fields would be the one-loop mass mX for
X1 = X in Eq. (81). The effective scalar potential is in the same form
as Eq. (81) but the effective superpotential W in G = K + ln |W |2 is now
replaced by Eq. (82). For ǫ ≪ c ∼ f ∼ mX ≪ 1 in the unit with MP l = 1,
we can obtain a SUSY breaking Minkowski minimum
XSB =
2fc
m2X
(
1 +O(ǫ2)), (87)
where the R-breaking constant
c = f/
√
3 +O(f 3/m2X ; ǫ2),
is determined by the vanishing vacuum energy condition.
The SUSY ground state in the hyperplane φi = Xa6=1 = 0 which originates
from the R-breaking parameter ǫ is the same as Eq. (85), and the above
breaking minimum becomes metastable. Unlike (83), the SUSY breaking
minimum (87) is not affected by the R-breaking term at O(ǫ) due to the
one-loop mass mX , that is, the SUSY minimum (85) is independent of the
SUSY breaking minimum (87) at this order. There might exist SUSY points
analogous to Eq. (85) outside the hypersurface φi = Xa6=1 = 0 also in this
case, but the solution would be more complicated due to the nonvanishing
hij1 in Eq. (70).
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Finally we comment about the case with mi1 6= 0 in Eq. (70). In this case,
as mentioned in Sec. 2.5.2, the field X1 has a SUSY mass with the same
magnitude as those of φi’s as shown in Eq. (80). Then the field X1 in the
field basis (44) is no longer special. In this generalized OR model with most
general R-breaking terms, the total superpotential would be written as
W = fX1 +
∑
a=1
ga(φi)Xa + c(φi) +
1
2
∑
a,b=1
mǫab(φi)XaXb + · · ·
= c+ fX1 +
1
2
µIJΦIΦJ + · · · ,
where ΦI = (Xa, φi), I = (a, i) and the ellipses denote the higher order terms
in ΦI . The SUSY mass matrix µIJ is given by the R-breaking components,
µab = mǫab(0), µij = ∂φi∂φjc(0) and the R-symmetric components, µai =
2∂φiga(0). Note that µ1i = 2∂φig1(0) = 2m
i
1. After the unitary rotation
which makes µIJ diagonal, the above superpotential takes the form of
W = c+ fU1IΦI +
1
2
µIΦ
2
I + · · · ,
where UIJ is the rotation matrix and µI represents the eigenvalues of µIJ .
The F-flat conditions, DIW = WI + KIW = 0, allow a solution in general
and SUSY would not be broken for mi1 ∼ f .
2.7 Conclusion in section 2
In section 2.1, we considered N = 1 global supersymmetric models with
a continuous global U(1)R symmetry. We discussed the features of models
with SUSY breaking vacua and runaway directions. For example, models
with fields whose R-charges are negative and/or more than 2 R-charge have
runaway directions. Furthermore, models which satisfy NX > Nω have no
solution for F-flat conditions, so that the condition NX > Nω is a sufficient
condition for SUSY breaking. The generalized O’Raifeartaigh model satisfies
the condition.
In section 2.2, we studied the effect of explicit R-symmetry breaking terms
in detail. In global supersymmetric models, based on the argument by ISS, we
have shown that a specific type of explicit R-symmetry breaking terms can re-
store SUSY, and the original SUSY breaking vacuum can become metastable
when a certain (but not generic) class of explicit R-symmetry breaking terms
are added and/or loop effects stabilize the original SUSY breaking minimum.
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We also considered N = 1 local supersymmetric models with a continuous
global U(1)R symmetry in section 2.3. We have executed similar analyses in
R-symmetric supergravity models. First we examined the general argument
by NS in supergravity and found that it also holds with local SUSY except for
the nontrivial case where the Ka¨hler potential allows solution for the second
condition in Eq. (51). We presented concrete examples of this exception.
These models lead to AdS SUSY stationary solutions and associated SUSY
breaking vacua with lower vacuum energy. We found the general argument
that this class of SUSY solutions corresponds to at best a saddle point,
referring to Appendix A.
In section 2.4, 2.5, and 2.6, we studied the generalized OR model in super-
gravity with explicit R-symmetry breaking terms. We analyzed the structure
of newly appeared SUSY stationary points as a consequence of the R-breaking
effect and classified them. We have shown that these SUSY solutions disap-
pear for type-A breaking terms (67), when we tune the R-breaking constant
term in the superpotential such that the original SUSY breaking minimum
has a vanishing vacuum energy. In this sense, the introduction of explicit
R-breaking terms do not always lead to a metastability of the SUSY break-
ing vacuum. On the other hand, the introduction of type-B breaking terms
(68) could cause a metastability of SUSY Minkowski minimum. We exam-
ined a parameter region which yields metastable vacuum in some concrete
examples.
3 Metastable supersymmetry breaking vacua
from conformal dynamics
In section 2, we have argued that an approximately R-symmetric superpo-
tential with tiny R-symmetry breaking terms is favored to avoid conflicts
with experimental results. In this section, we suggest the models to realize
the tiny R-symmetry breaking terms and cause metastable SUSY breaking
vacua effectively.
We start with a superpotential without R-symmetry. Based on the Nelson-
Seiberg argument [1], SUSY would not be broken in this situation. However,
we assume the conformal dynamics. Because of that, certain couplings are
exponentially suppressed at a low-energy scale. Then, we could realize an
R-symmetric superpotential or an approximate R-symmetric superpotential
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with tiny R-symmetry breaking terms. It would lead to a stable or metastable
SUSY breaking vacuum. We study this scenario by using a simple model.
Also, we study 5D models, which have the same behavior.
As the other good point in our model, contact terms between the hid-
den conformal sector and the visible sector are suppressed exponentially by
conformal dynamics. As we discuss in the introduction, such conformal sup-
pression mechanism, i.e. conformal sequestering, is quite important to model
building for SUSY breaking [17, 18, 19, 20, 21, 22]. The suppression can lead
the situation that flavor-blind contributions such as anomaly mediation [23]
would become dominant.
This section is organized as follows. In section 3.1, we give a 4D simple
model to realize our conformal scenario. In section 3.2, we study 5D models,
which have the same behavior. Section 3.3 is short summary of our models.
3.1 4D conformal model
Our model is the SU(N) gauge theory with Nf flavors of chiral matter fields
φi and φ˜i, which are fundamental and anti-fundamental representations of
SU(N). The flavor number satisfies 3N ≥ Nf ≥ 32N , and that corresponds to
the conformal window [24, 25], that is, this theory has an IR fixed point [50].
The Novikov-Chifman-Veinstein-Zaharov (NSVZ) beta-function of physical
gauge coupling α = g2/8π2 is
βNSVZα = −
α2
1 −Nα(3N −Nf +Nfγφ), (88)
where γφ is the anomalous dimension of φi and φ˜i [51, 52]. Since the IR fixed
point corresponds to βNSVZα = 0, around that point the matter fields φi and
φ˜i have anomalous dimensions γφ = −(3N −Nf )/Nf , which are negative.
In addition to the fields φi and φ˜i, we introduce singlet fields Φij for
i, j = 1, · · · , Nf . The gauge invariance allows the following superpotential at
the renormalizable level,
W = hφiΦijφ˜j + fTrijΦij +
m
2
TrikΦijΦjk +
λ
3
TriℓΦijΦjkΦkℓ. (89)
Here we have preserved the SU(Nf ) flavor symmetry. Even if the SU(Nf )
flavor symmetry is broken, e.g by replacing fTrijΦij by fijΦij , the following
discussions would be valid. For simplicity, we assume that all of couplings,
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h, f , m, λ, are real, although the following discussions are available for the
model with complex parameters, h, f , m and λ. We can add the mass terms
of φi and φ˜j to the above superpotential. We will comment on such terms
later, but at the first stage we study the superpotential without the mass
terms of φi and φ˜j.
If m = λ = 0, the above superpotential corresponds to the superpo-
tential of the Intriligator-Seiberg-Shih (ISS2) model [40].13 The ISS2 model
corresponds to the generalized OR model we discuss in the section 2: Φij
corresponds to the R-charge 2 field described as Xa, and φi, φ˜i corresponds
to the R-charge 2 field described as φ in the generalized OR model. As we
discuss later, the ISS2 model always causes SUSY breaking without explicit
R-symmetry breaking terms.14
We consider that our theory is an effective theory with the cutoff Λ. We
assume that dimensionless parameters h and λ are of O(1) and dimensionful
parameters f and m satisfy f ≈ m2 and m ≪ Λ. We denote physical
couplings as hˆ = (ZφZφ˜ZΦ)
−1/2h, fˆij = (ZΦ)
−1/2fij , mˆ = (ZΦ)
−1m and
λˆ = (ZΦ)
−3/2λ, where Zφ, Zφ˜, ZΦ are wavefunction renormalization constants
for φ, φ˜,Φ, respectively.
The F-flat conditions are obtained as
∂ΦijW = hφiφ˜j + fδij +mΦij + λΦjkΦki = 0, (90)
∂φiW = hΦijφ˜j = 0, (91)
∂φ˜jW = hφiΦij = 0. (92)
These equations have a supersymmetric solution for generic values of pa-
rameters, h,m, λ. To see such a supersymmetric solution, following [40] we
decompose φ, φ˜ and Φ as
Φ =
(
Y ZT
Z˜ X
)
, φ =
(
χ
ρ
)
, φ˜T =
(
χ˜
ρ˜
)
, (93)
where Y , χ and χ˜ are N×N matrices, X is an (NF −N)× (NF −N) matrix,
Z, Z˜, ρ and ρ˜ are (NF − N) × N matrices. Let us consider the slice with
13The flavor number does not satisfy 3N ≥ Nf ≥ 32N which corresponds to the con-
formal window in the ISS2 model[40]. However, we call the model we introduce here the
ISS2 model.
14The gaugino condensation contribution can be included in explicit R-symmetry break-
ing terms in [40].
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Z = Z˜ = ρ = 0 in the field space, where the first derivatives of W reduce to
WΦij =
(
fδij + hχiχ˜j +mYji + λYjkYki 0
0 fδij +mXji + λXjkXki
)
, (94)
W Tφi =
(
hYijχ˜j
0
)
, Wφ˜j =
(
hχiYij
0
)
. (95)
Here, we have used the same indices for Φij , φi, φ˜j and their submatrices.
Thus, the fields Xij and the others are decoupled in the F-flat conditions,
WΦij = Wφi = Wφ˜j = 0. The F-flat condition WΦij = 0 for Xij has a solution
as Xij = xsδij with
xs =
−m±
√
m2 − 4fλ
2λ
. (96)
The F-flat conditions WΦij = Wφi = Wφ˜j = 0 for Yij, χi and χ˜j have the
following solution,
fδij + hχiχ˜j = 0, Yij = 0. (97)
In addition, the D-flat conditions correspond to |χi| = |χ˜i|.
There is another solution, χi = χ˜j = 0 and Yij = xsδij . However, only
the above solution (97) survives at the IR region, as mˆ and λˆ become to
vanish as we will see later. Thus, we concentrate to the solution (97). At
any rate, the superpotential (89) does not have R-symmetry, and there is a
supersymmetric minimum.
The above aspect is the behavior of this model around the energy scale
Λ. Now let us study the behavior around the IR region. We assume that
the gauge coupling is around the IR fixed point, i.e. βα ≈ 0, and that
φi and φ˜i have negative anomalous dimensions γφ. In addition, we assume
that the physical Yukawa coupling hˆ is driven toward IR fixed points. The
beta-function of hˆ is obtained as
βhˆ = hˆ(γφ + γφ˜ + γΦ). (98)
The condition of the fixed point leads to 2γφ + γΦ = 0. Since γφ < 0, we
obtain a positive anomalous dimension for Φij . Then, physical couplings, fˆ ,
mˆ and λˆ, are suppressed exponentially toward the IR direction as
fˆ(µ) =
(µ
Λ
)γΦ
fˆ(Λ), mˆ(µ) =
(µ
Λ
)2γΦ
mˆ(Λ),
λˆ(µ) =
(µ
Λ
)3γΦ
λˆ(Λ). (99)
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Thus, the mass parameter mˆ and 3-point coupling λˆ are suppressed faster
than fˆ . If we neglect mˆ and λˆ but not fˆ , the above superpotential becomes
the superpotential of the ISS2 model, and there is a SUSY breaking minimum
around Φij = 0 because of the rank condition.
Let us see more explicitly. We concentrate ourselves to the potential of
the fields Xij, because Xij contribute to SUSY breaking in the ISS2 model.
Furthermore, we consider their overall direction, i.e. Xij = xδij , and we use
the canonically normalized basis, xˆ. Then, the above superpotential (89)
leads to the following scalar potential,
VSUSY = (Nf −N)|fˆ + mˆxˆ+ λˆxˆ2|2. (100)
In addition, around xˆ = 0, SUSY is broken and that generates one-loop
effective potential of xˆ. Around xˆ = 0, the mass term m2x|xˆ|2 in the one-loop
effective potential would be important. Hence, we analyze the potential,
V = VSUSY +m
2
x|xˆ|2, and we use m2x, which has been calculated in [40], i.e.
m2x =
hˆ3fˆ
8π2
N(Nf −N)(log 4− 1). (101)
Note that m2x is suppressed toward the IR region like fˆ . We consider only
the real part of xˆ. The stationary condition ∂xˆV = is written as
(fˆ + mˆxˆ+ λˆxˆ2)(mˆ+ 2λˆxˆ) +m2xxˆ = 0. (102)
At a high energy scale corresponding to ZΦ = O(1), we have |fˆ |, |mˆ|2 ≫
m2x, because m
2
x is smaller than fˆ by a loop factor. The potential and the
stationary condition are controlled by |fˆ |, |mˆ|2, λˆ, but not mx. Thus, there is
no (SUSY breaking) minimum around x = 0, but we have a supersymmetric
minimum
xˆs =
−mˆ±
√
mˆ2 − 4fˆ λˆ
2λˆ
. (103)
However, toward the IR direction, mˆ2 becomes suppressed faster than m2x.
Then, the couplings fˆ and m2x are important in the potential. Around xˆ = 0,
the stationary condition (102) becomes
fˆmˆ+m2xxˆ+ · · · = 0, (104)
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that is, the stationary condition is satisfied with
xˆsb ≈ − fˆ mˆ
m2x
. (105)
At this point, SUSY is broken, and this point becomes close to xˆsb = 0 toward
the IR. Around xˆ = 0, the size of mass is estimated by mx, because the
other terms are suppressed. Hence, the SUSY breaking metastable vacuum
corresponding to xˆ ∼ 0 appears at the IR energy scale, where mˆ2 ≪ m2x.
Moreover, the previous SUSY vacuum (103) moves to a point far away from
the origin xˆ = 0, because it behaves like
xˆs =
−mˆ±
√
mˆ2 − 4fˆ λˆ
2λˆ
∼
(
Λ
µ
)γΦ
. (106)
Both breaking scales of the SU(N) gauge symmetry and supersymmetry
at the metastable SUSY breaking point xˆ = 0 are determined by O(fˆ(µ)).
Thus, such an energy scale is estimated as µ2IR ∼ fˆ(µIR), i.e.
µIR ∼
(
fˆ(Λ)
ΛγΦ
)1/(2−γΦ)
, (107)
and at this energy scale conformal renormalization group flow is terminated.
So far, we have assumed that the mass term of φi and φ˜i, mφφiφ˜i vanishes.
Here, we comment on the case with such terms. The physical mass mˆφ
becomes enhanced as
mˆφ(µ) =
(µ
Λ
)2γφ
mˆφ(Λ), (108)
because of the negative anomalous dimension γφ. At µ ∼ mˆφ(µ), the mat-
ter fields φi φ˜i decouple and this theory removes away from the conformal
window. Thus, if mˆφ(µ) > µIR, the conformal renormalization group flow is
terminated at µD ∼ mˆφ(µD) = (µD/Λ)2γφmˆφ(Λ).
We have studied the scenario that conformal dynamics leads to metastable
SUSY breaking vacua. As an illustrating example of our idea, we have used
the simple model. Our scenario could be realized by other models.
3.2 5D model
There would be an AdS dual to our conformal scenario. Indeed, we can
construct simply various models within the framework of 5D orbifold theory.
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Renormalization group flows in the 4D theory correspond to exponential pro-
files of zero modes like e−ciRy, where R is the radius of the fifth dimension,15
y is the coordinate for the extra dimension, i.e. y = [0, π] and ci is a constant.
The parameter ci corresponds to anomalous dimension in the 4D theory, and
each field would have a different constant ci. In 4D theory, values of anoma-
lous dimensions are constrained by concrete 4D conformal dynamics. How-
ever, constants ci do not have such strong constraints, although they would
correspond to some charges. Hence, 5D models would have a rich structure
and one could make model building rather simply. Here we show a simple
5D model. We consider the 5D theory, whose 5-th dimension is compactified
on S1/Z2. Two fixed points on S
1/Z2 correspond to y = 0 and y = π. We
introduce three bulk fields X , φ1, φ2. They correspond to chiral multiplets of
bulk hyper-multiplets and zero modes of their partners in hyper-multiplets
Xc, φc1, φ
c
2 are projected out by the Z2 orbifold projection. We assume that
zero mode profiles of X , φ1 and φ2 behave along the y direction as e
−cXRy,
e−c1Ry and e−c2Ry, respectively. We integrate y and obtain their kinetic term
coefficients Yi of 4D effective theory, that is, the field corresponding to the
zero mode profile e−ciRy has the following kinetic term coefficient [53, 54]
Yi =
1
ci
(
1− e−2ciπR) . (109)
In the limit ci → 0, Yi becomes 2πR. Their superpotential is not allowed in
the bulk, but is allowed on the boundary.
Suppose that the following superpotential is allowed only on the y = π
boundary, ∫
dyδ(y − π)W (π), (110)
W (π) = fe−cXRyX +me−2cXRyX2 + he−3cXRyX3
+m12e
−(c1+c2)Ryφ1φ2 +m2e
−2c2Ryφ22 (111)
+
∑
i,j
hije
−(cX+ci+cj)RyXφiφj.
Here we have assumed extra Z2 symmetry, under which X has the even Z2
charge and φ1 and φ2 have the odd Z2 charge. That allows the mass term
m11φ
2, but we have assumed it vanishes by the same reason as why we did
15 We assume that the radion is stabilized.
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not add the mass term mijφiφ˜j in the superpotential (89). We assume that
f ≈ m2 ≈ m212 ≈ m22 and h, hij = O(1). We take
c1 = 0, c2 = cX , (112)
and cX > 0 with cXπR = O(1) and e
−cXπR ≪ 1. The 4D superpotential Wˆ
becomes
Wˆ = e−cXπR(fX +m12φ1φ2 + h11Xφ
2
1) + e
−2cXπR∆W. (113)
When we neglect ∆W , the superpotentialW corresponds to the O’Raifeartaigh
model [15], that is, SUSY is broken. Such a minimum is metastable and
there is a SUSY minimum, when we take into account ∆W [14]. The
O’Raifeartaigh model with the following superpotential,
W0 = fˆX + mˆ12φ1φ2 + hˆ11Xφ
2
1, (114)
leads to the SUSY breaking minimum of scalar potential V = |fˆ |2 at φ1 =
φ2 = 0 and arbitrary X , that is, it has the pseudo-flat direction. One-loop
effects lift up this pseudo-flat direction, and the field X has the mass mX ,
m2X = O
(
1
4π2
fˆ 2hˆ411
mˆ212
)
, (115)
around X = 0. In the case with h11 = O(1) in the superpotential (113), we
would have a rather small mass mX by the suppression factor e
−cXπR. To
have larger mass mX , we can assume the following superpotential W
(0) at
y = 0 as ∫
dyδ(y)W (0) =
∫
dyδ(y)h
(0)
11Xφ
2
1. (116)
In this case, the 4D superpotential becomes
Wˆ = (h
(0)
11 −h11e−CXπR)Xφ21+ e−cXπR(fX +m12φ1φ2) + e−2cXπR∆W. (117)
This leads to the metastable SUSY breaking minimum around X = 0 and
the field X can have a larger mass around X = 0 than the previous model,
because the coupling h
(0)
11 has no suppression factor like e
−cXπR. The SUSY
breaking source FX is quasi-localized around y = 0.
We can construct more various models for approximately R-symmetric
superpotential with metastable SUSY breaking vacua in 5D theory.
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3.3 Short summary
We have studied the scenario that conformal dynamics leads to approximately
R-symmetric superpotential with a metastable SUSY breaking vacuum. We
have shown a simple model to realize our scenario. We can make 5D mod-
els with the same behavior. Since in our 4D scenario, metastable SUSY
breaking vacua are realized by conformal dynamics, such a SUSY breaking
source would be sequestered from the visible sector by conformal dynamics.
We indicate that conformal dynamics leads the suppressions of cross terms
between the visible sector and the hidden sector Φij . Our model, which
have conformal dynamics in the hidden sector, also leads to the situation
that anomaly mediation is dominant, so that the suppression to avoid large
FCNC processes is realized.
In our scenario, at a high energy scale, there would be only SUSY min-
imum and at low energy metastable SUSY breaking vacuum would appear.
To realize the initial condition such that a metastable SUSY breaking is fa-
vored at a high energy scale, finite temperature effects would be important,
because finite temperature effects might favor a metastable SUSY breaking
vacuum [55].
We suggest that conformal dynamics leads to approximately R-symmetric
superpotential at low energy. In fact, conformal dynamics can realize this
situation even in softly SUSY breaking theories. For example, gaugino mass,
that is one of soft SUSY breaking terms and also a explicit R-symmetry
breaking term, is strongly suppressed according to gauge coupling approach-
ing toward an IR fixed point. We show how explicit R-symmetry breaking
terms are suppressed in softly SUSY broken theories in section 4.
We introduce the RG flow of SUSY breaking parameters in softly SUSY
breaking theories in section 4. We discuss models with conformal dynamics
and soft SUSY breaking terms, and we do not specify the origin of SUSY
breaking there. Finally, we find the effects of SUSY breaking and explicit
R-symmetry breaking are suppressed strongly by conformal dynamics. The
suppression can be also realized in more complicated models, such as the
Klebanov-Strassler (KS) model [27] we show in section 5, so that this result
leads to the other scenario that the visible sector, which includes SSM, has
conformal dynamics. In section 5, we introduce the model with conformal
dynamics, which is expected to realize SSM at a low-energy scale.
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4 RG flow of soft SUSY breaking terms in
conformal dynamics
Here, we study the RG flow of SUSY breaking terms in softly broken super-
symmetric theories and show that approximate R-symmetry is realized. In
this study, all soft SUSY breaking terms are free parameters, and a gauge
coupling and yukawa couplings have IR fixed points. The soft SUSY breaking
terms, such as gaugino masses and A-terms, also break R-symmetry explic-
itly.
It is convenient to use the spurion method [29, 30, 31, 32, 33, 34] to derive
RG equations of soft SUSY breaking terms from those for supersymmetric
couplings. In the appendix B and C, we discuss the justification of the
spurion method based on superfield perturbation and symmetry.
4.1 A gauge theory with conformal fixed point in a
softly SUSY broken theory
Now we consider a SU(N) gauge theory with Nf flavors of fundamental and
anti-fundamental matter fields (Q, Q) and vanishing superpotential W = 0.
Nf satisfies
3
2
N ≤ Nf ≤ 3N , so that the gauge coupling has an IR fixed
point as we discuss in section 3.1. We find that explicit R-symmetry breaking
terms in the superpotential goes to zero by the conformal dynamics in section
3.1. Here our model does not have superpotential, so a explicit R-symmetry
breaking term is only gaugino mass, which is one of soft SUSY breaking
terms. The soft SUSY breaking term is given by as follows,
LSQCDsoft =−
∫
d4θ(m2ijθ
2θ
2
)Qi†Qj −
∫
d4θ(m2ijθ
2θ
2
)Q
i†
Q
j
−
∫
d2θ(M1/2θ
2)
1
g2
Tr(W αWα) + h.c,
(118)
where i denotes the flavor index (i = 1, . . . , Nf), M1/2, m
2
ij and m
2
ij denote
soft SUSY breaking terms: gaugino mass, squared scalar masses respectively.
We use the spurion method to analyze the RG flows of the soft SUSY
breaking terms, so we give a brief review on the spurion method. The more
precise argument about the spurion method is given in the appendix C. We
also discuss the dual gauge theory, whose gauge symmetry is SU(Nf − N)
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with Nf flavor pairs and superpotential is given by the yukawa couplings, in
the next section.
Let us consider a generic gauge theory with a gauge coupling g, a gaugino
massM1/2, yukawa couplings yijk, corresponding A-terms aijk and soft scalar
masses mi.
Lsoft =−
∫
d4θ(m2ijθ
2θ
2
)Φi†Φj −
∫
d2θ(M1/2θ
2)
1
g2
Tr(W αWα)
−
∫
d2θ
1
6
(hijkθ
2)ΦiΦjΦk + h.c.
(119)
We define the following superfield couplings
α˜ = α
(
1 +M1/2θ
2 +M 1/2θ¯
2 + (2|M1/2|2 +∆g)θ2θ¯2
)
, (120)
y˜ijk = yijk − aijkθ2 + 1
2
(m2i +m
2
j +m
2
k)yijkθ
2θ¯2, (121)
where α is defined as α ≡ g2/(8π2) and ∆g is written as [32]16
∆g = −F (α)
α
[∑
i
Tim
2
i − TG|M1/2|2
]
. (122)
Then, beta-functions of superfields α˜ and y˜ijk (¯˜yijk) including soft SUSY
breaking terms are obtained from those of α and yijk (yijk), βα(α, yijk, y¯ijk)
and βyijk(α, yijk, y¯ijk) by replacing α and yijk (y¯ijk) by α˜, y˜ijk (
¯˜yijk), i.e.,
µ
dα˜
dµ
= βα(α˜, y˜ijk, ¯˜yijk), µ
dy˜ijk
dµ
= βyijk(α˜, y˜ijk,
¯˜yijk). (123)
That implies that the beta-function of the gaugino mass M1/2 is obtained as
µ
dM1/2
dµ
=
(
M1/2α
∂
∂α
− aijk ∂
∂yijk
)(
βα
α
)
≡ D1
(
βα
α
)
. (124)
The RG equation for the soft scalar mass mi of a chiral superfield φi is
also easily obtained as
µ
dm2i
dµ
= γi(α˜, y˜ijk, ¯˜yijk)|θ2θ¯2 . (125)
16We show the function F (α) in appendix C.
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These equations are found to be consistent with the equations for the θ2θ¯2
components of Eqs. (123). Explicitly, the RG equations are written down as
µ
dm2i
dµ
= D2γi , (126)
D2 = D1D¯1 + (|M1/2|2 +∆g)α ∂
∂α
+
1
2
(m2i +m
2
j +m
2
k)
(
yijk
∂
∂yijk
+ y¯ijk
∂
∂y¯ijk
)
. (127)
Let us turn back to the RG flows of the soft SUSY breaking terms in
SQCD given by (118). We find an IR attractive fixed-point of the gauge
coupling, by solving the equation that the beta-function given by (88) is equal
to zero. We consider the perturbation around the fixed point as α = α∗+δα,
where δα≪ 1. The beta-function of δα around the fixed point is written as
µ
dδα
dµ
=
(
∂βα
∂α
)
α=α∗
δα ≡ Γδα. (128)
Because this fixed point is the IR attractive, that leads to Γ > 0. Then, the
spurion method leads immediately to the RG flow of the gaugino mass, that
is, the gaugino mass is renormalized as
M1/2(µ) = M1/2(µ0)
(
µ
µ0
)Γ
. (129)
This is because the spurion method tells that
δα˜ = α∗M1/2θ
2 − F (α∗)
∑
i
Tim
2
i θ
2θ¯2 (130)
also decrease exponentially toward the IR direction.
Thus the gaugino mass M1/2 is found to be exponentially suppressed
around the IR fixed point. Eventually we find that the explicit R-symmetry
breaking term, gaugino mass, is also suppressed by conformal dynamics, and
we can also show that the sum
∑
i Tim
2
i is exponentially suppressed in this
theory.
Furthermore, it is straightforward to extend this discussion to the theory
with a gauge coupling and yukawa couplings and to show that the gaugino
massM1/2 and the A-term aijk as well as the sums
∑
i Tim
2
i andm
2
i+m
2
j+m
2
k
are exponentially suppressed.
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4.2 The dual gauge theory in a softly SUSY broken
theory
We have shown that SQCD with W = 0, gaugino mass and soft scalar
masses recovers approximate R-symmetry at low energy. Here we discuss
soft SUSY breaking terms in the dual gauge theory. Based on the Seiberg’s
argument [24, 25], the gauge symmetry and the superpotential are given by
SU(N˜) = SU(Nf −N) with Nf flavor pairs (q, q) and W = yijqiMijqj. The
soft SUSY breaking terms are described as
Ldsoft =−
∫
d4θ(m2ijθ
2θ
2
)qi†qj −
∫
d4θ(m2ijθ
2θ
2
)qi†qj
−
∫
d2θ(M˜1/2θ
2)
1
g′2
Tr(W αWα)−
∫
d2θ
1
6
(aijθ
2)qiM ijqj + h.c.
(131)
We define α˜ and y˜ij in the dual gauge theory as follows,
α˜′ = α′
(
1 + M˜1/2θ
2 + M˜ 1/2θ¯
2 + (2|M˜1/2|2 +∆g)θ2θ¯2
)
, (132)
y˜ij = yij − aijθ2 + 1
2
(m2i +m
2
j +m
2
ij)yijθ
2θ¯2, (133)
where where α′ is defined as α′ ≡ g′2/(8π2) and ∆g is written as17
∆g = −Fd(α
′)
α′
[∑
i
Tim
2
i − TG|M˜1/2|2
]
. (134)
We obtain the RG equations of M˜1/2 by replacing M1/2 and yijk in (124)
by M˜1/2 and yij. The RG equations of aij are also obtained as follows based
on the last section and appendix C,
µ
daij
dµ
=
1
2
(γi + γj + γij)aij − (D1γi +D1γj +D1γij)yij. (135)
In the dual-side, the gauge coupling and the yukawa couplings have IR-
fixed points, and in fact this behavior corresponds to our model in section
3.1.
17We show the function Fd(α
′) in appendix C.
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It is also found that these RG equations lead to very interesting properties
of the soft SUSY breaking parameters at the vicinity of an IR attractive
fixed point [34, 56, 57] as the last section. Deviations of the gauge coupling
and the yukawa coupling from their fixed point values, δα′ = α′ − α′∗ and
δyij = yij − y∗ij , decrease exponentially. Then the spurion method tells that
both of
δα˜′ = α′∗M˜1/2θ
2 + α′∗M˜ 1/2θ
2 − F (α′∗)
∑
i
Tim
2
i θ
2θ¯2, (136)
δy˜ij = −aijθ2 + 1
2
(m2i +m
2
j +m
2
ij)y
∗
ijθ
2θ¯2, (137)
also decrease exponentially toward the IR direction. Therefore, the gaugino
massM1/2 and the A-term aij are found to be suppressed
18 and the soft scalar
masses satisfy the IR sum rules given by
∑
i Tim
2
i = 0 and m
2
i +m
2
j+m
2
ij = 0.
We may also understand this as follows. When we use the one-loop
anomalous dimensions, we can show that at the fixed point the gauge cou-
pling and yukawa coupling are related as y∗ = Cg′∗, where C is a constant
determined by group-theoretical factors [58]. At the fixed point, this relation
is realized as the relation between superfield couplings as |y˜|2/(8π2) = C2α˜′,
and their θ2θ¯2-terms lead to [59, 60]
m2q +m
2
q¯ +m
2
M = |M˜1/2|2. (138)
Since the gaugino mass M˜1/2 is exponentially damping toward the confor-
mal fixed point, the sum m2q + m
2
q¯ + m
2
M is also exponentially damping as
mentioned above.
Finally, we find that conformal dynamics realizes approximate R-symmetry
at a low energy scale because of the suppressions of gaugino mass and A-term
even in softly SUSY broken theories. However, a few parameters, such as B-
term which is a quadratic term of scalar, are not controlled by the dynamics.
As we discuss later, these parameters cause gauge symmetry breaking and
disturb the RG flow of the gauge coupling.
In section 5, we discuss more complicated model with conformal dynam-
ics, which have two gauge couplings and nonzero superpotential. In that
case, we also find the feature that approximate R-symmetry is realized at
low energy, and the B-term frightens the gauge symmetries. We discuss not
18That implies that the ratio aij/yij is also suppressed exponentially, because the yukawa
coupling yij has a fixed point.
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only the aspect, but also the other applications of conformal dynamics for
phenomenology.
5 The Duality cascade of softly broken super-
symmetric theories
As we discuss in section 4, conformal dynamics restores R-symmetry. We
find that this suppression can be realized in more complicated model with
SUSY breaking parameters. We discuss the duality cascade with soft SUSY
breaking terms based on [26].
The duality cascade is caused by conformal dynamics, and has interesting
RG flow of gauge couplings and yukawa coupling [27, 28]. After a brief review
on the duality cascade of rigid SUSY theory, we discuss RG flows of soft SUSY
breaking terms in the duality cascade, and show that the dynamics also leads
the suppression of soft SUSY breaking terms and leads to approximate R-
symmetry. However, B-term, which is a quadratic scalar term, stay in a finite
value at low energy.
Conformal dynamics plays important roles in various aspects of (super-
symmetric) field theories and particle phenomenology. For example, in Ref.
[56, 57, 61, 62], conformal dynamics in the visible sector leads not only realis-
tic hierarchies of quark and lepton masses, but also the alignment of A-terms
to avoid large FCNC processes. At the same time, sfermion masses are expo-
nentially suppressed toward the IR fixed point.19 In the later of this section
, we study the model with conformal dynamics in the visible sector. This
model is based on the duality cascade, and has unique RG flows. Finally,
we suggest models with conformal dynamics in the visible sector, which have
gauge symmetries and matters of SSM. Then we find that the models cause
gauge symmetry breaking corresponding to EW symmetry breaking.
We show the dynamics of the duality cascade in the section 5.1. Confor-
mal fixed points and conformal field theories (CFTs) are essential in Seiberg
duality [24, 25]. That leads to more complicated and interesting RG flows of
dual field theories, that is, the duality cascade [27, 28], which is a successive
19 A similar dynamics would be useful to control a large radiative correction on Higgs
soft masses [63].
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chain of the dualities from UV region to the IR region and reduces the rank of
gauge groups one after another. Furthermore, the AdS/CFT (gravity/gauge)
correspondence [64] suggests that the cascading theories would be realized
in supergravity theory with a warped background, that is, the Klebanov-
Strassler warped throat. In the supergravity description, the energy scale of
the field theory corresponds to the distance from a tip of the throat. The
duality cascade process means that the charges of D-branes disappear as the
probe brane gets closer to the tip. The investigation of the duality cascade
from the string/supergravity viewpoint is a highly non-trivial check for the
gravity/gauge correspondence.
In section 5.2, we study more about the duality cascade in the model
with soft SUSY breaking terms, based on [26]. As we comment in the in-
troduction, several models have been proposed to realize supersymmetric
standard models as well as their extensions at the bottom of the cascade
[35, 36, 37] recently. To explain how we obtain the standard model like the-
ories with fewer ranks from the infinitely many string vacua, which would
generally have gauge groups with large ranks, those models are quite inter-
esting and have opened possible candidates for high energy theories. Those
models are exactly supersymmetric. At any rate, supersymmetry is broken
in Nature even if supersymmetric theory is realized at high energy. Thus, if
the cascading theories are relevant to the particle physics at the weak scale,
supersymmetry should be broken at a certain stage, e.g. at the top or bottom
of the cascade (high or low energy) or between them (intermediate energy).
Here we assume that SUSY is softly broken at the beginning of the cascade.
Then, we study RG flows of SUSY breaking terms as well as supersymmetric
couplings.
This section is organized as follows. In section 5.1, we review briefly the
RG flow of supersymmetric couplings in the duality cascade. In section 5.2,
we study RG flows of SUSY breaking terms in the duality cascade. In section
5.3, we study symmetry breaking due to the B-term by using illustrative
examples. In section 5.4, we give a simple example whose fields contents
are similar to the MSSM or its extensions. Section 5.5 is conclusion and
discussion of section 5.
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5.1 RG flow in duality cascade of rigid supersymmetric
theories
Here, we give a brief review on the RG flow in the duality cascade of rigid
supersymmetric theories [27, 28]. We consider the gauge group SU(kN) ×
SU((k − 1)N) and we denote their gauge couplings, gk and gk−1. Also, our
model has two chiral multiplets Qr (r = 1, 2) in the bifundamental repre-
sentation of SU(kN) × SU((k − 1)N), i.e. the fundamental representation
for SU(kN) and the anti-fundamental representation for SU((k− 1)N), and
two chiral multiplets Q¯s (s = 1, 2) in the anti-bifundamental representation.
Then we introduce the following superpotential,
W = h tr det
r,s
(QrQ¯s) = h
[
(Q1)
α
a (Q¯1)
a
β(Q2)
β
b (Q¯2)
b
α − (Q1)αa (Q¯2)aβ(Q2)βb (Q¯1)bα
]
,
(139)
where the indices α and β are group indices for SU(kN) and the indices a
and b are group indices for SU((k − 1)N).
Now, we study the RG flow of gauge couplings gk and gk−1 and the quartic
coupling h and their fixed points. The fields Qr and Q¯s have the same
anomalous dimension, which we denote by γQ. In the NSVZ scheme [51],
beta-function of the gauge coupling g in generic gauge theory is written as
µ
dα
dµ
= βα = −F˜ (α)[3TG −
∑
i
Ti(1− γi)], (140)
where α = g2/(8π2) and
F˜ (α) =
α2
1− TGα. (141)
Here, Ti and γi denote Dynkin indices and anomalous dimensions of the chiral
matter fields, while TG denotes the Dynkin index of the adjoint representa-
tion. For example, we have TG = N for the SU(N) gauge group and Ti = 1/2
for the fundamental representation of the SU(N) gauge group. Using this
scheme, beta-functions of the gauge couplings gk and gk−1 are written as
βαk = −F˜ (αk)N [k + 2 + 2(k − 1)γQ], (142)
βαk−1 = −F˜ (αk−1)N [k − 3 + 2kγQ]. (143)
In addition, we can write the beta-function of η = hµ as
βη = η(1 + 2γQ). (144)
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Suppose that both SU(kN) and SU((k − 1)N) sectors are within the
conformal window [24], i.e. 3k/2 ≤ 2(k − 1) ≤ 3k and 3(k − 1)/2 ≤ 2k ≤
3(k − 1). Then, we have two fixed points [50, 24, 25],
A : k − 3 + 2kγQ = 0, αk = η = 0, (145)
and
B : k + 2 + 2(k − 1)γQ = 0, αk−1 = η = 0. (146)
The anomalous dimension γQ is a function of the couplings. We represent a
value of the gauge coupling gk−1 (gk) at the first (second) fixed point by g
∗
k−1
(g∗k).
At the vicinity of the first fixed point A given by (145) with gk−1 ≈ g∗k−1
and 0 < αk, η ≪ 1 (region I), it is found that βαk−1 ≈ 0, βαk < 0 and βη > 0,
that is, αk increases and η decreases toward the IR direction. Thus, the
theory would flow to the other fixed point B given by (146) toward the IR
direction. On the other hand, around the fixed point B with gk ≈ g∗k and
0 < αk−1, η ≪ 1 (region II), it is found that βαk ≈ 0, βαk−1 > 0 and βη < 0.
Hence, the quartic operator h tr detr,s(QrQ¯s) is relevant and the coupling η
increases toward the IR, while αk−1 shrinks.
We could examine the RG flows of the gauge couplings αk and αk−1, if we
admit using the anomalous dimension γQ obtained in the 1-loop level. For a
sufficiently large N , the anomalous dimension γQ is given as
γQ = −N(kαk + (k − 1)αk−1). (147)
In Fig. 2, the RG flows in the coupling space (αk, αk−1) obtained in the
NSVZ scheme are shown in the case of k = 5. Here we rescale the couplings
as Nα → α. The points A (0, 0.05) and B (0.175, 0) represent the fixed
points. The renormalized trajectory (R.T.) connecting these fixed points is
shown by the bold line.
The flows in the region I are subject to the conformal dynamics around
the UV fixed point A, while the flows in the region II are subject to that
around the IR fixed point B. The convergence in the region I is not strong,
since the fixed point coupling α∗k−1 is not so strong in the case of k = 5. It is
seen in Fig. 2 that the R.T. bends on the way and the behavior of the R.T.
changes quickly there. Thus the RG property on the R.T. in Fig. 2 may be
characterized well as that in the region I or II.
The theory around the fixed point B is strongly coupled and would be
well-described by its Seiberg dual [24, 25], which has the gauge group SU((k−
65
Figure 2: RG flows in the coupling space (αk, αk−1) in the case of k = 5.
The points A and B represents the UV and IR fixed points respectively. The
renormalized trajectory connecting these fixed points is shown by the bold
line.
1)N) × SU((k − 2)N) and two bifundamental chiral multiplets qr and two
anti-bifundamental chiral multiplets q¯s and another kind of chiral multiplets
Mrs, which correspond to QrQ¯s and belong to the adjoint representation for
SU((k − 1)N) 20 and singlet for SU((k − 2)N). This dual theory has the
following superpotential,
W = y tr q¯rMrsqs +m tr det
r,s
Mrs. (148)
The second term is the mass term ofMrs, which corresponds to h tr detr,s(QrQ¯s).
The mass m would be related with the coupling h as
h(Λk)Λk ∼ m(Λk)
Λk
, (149)
where Λk is a typical energy scale of SU(kN) gauge theory such as the energy
scale, where the theory enters the conformal regime, i.e. gk(Λk) ≈ g∗k. The
β-function of αk−2 is written in a way similar to those of αk−1 and αk. In
addition, the β-function of y is written as
βy =
y
2
(γM + 2γq), (150)
20In the followings, we will ignore the irrelevant mesons M0rs which are sin-
glet for SU((k − 1)N).
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where γM is the anomalous dimension of Mrs. The dual theory has a non-
trivial fixed point, gk−2 = g
∗
k−2 and y = y
∗ when gk−1 = 0, where g
∗
k−2, y
∗ 6=
0. At the fixed point, it is satisfied that γM = −2γq, that is Mrs has the
same conformal dimension as QrQ¯s. Thus, at the vicinity of the fixed point,
gk−2 = g
∗
k−2, y = y
∗ and gk−1 = 0, both operators, h tr detr,s(QrQ¯s) and
m tr detr,sMrs are relevant, and the mass m/µ and coupling hµ increase
toward the IR direction. Because the fields Mrs become heavy, we integrate
out them and the effective superpotential results in [28]21
W = h˜ tr det
rs
qrq¯s, (151)
where h˜ = −y2/m. The operator h˜ tr detrs qr q¯s is irrelevant and the coupling
h˜ decreases toward the IR direction. Thus, the low energy effective theory is
the same as the starting theory except replacing the gauge group SU(kN)×
SU((k − 1)N) by SU((k − 1)N) × SU((k − 2)N). This RG flow would
continue and the low-energy effective theory would become the SU((k −
n)N) × SU((k − n − 1)N) gauge theory with the quartic superpotential
W = h˜ tr detrs qrq¯s until the theory becomes outside of the conformal window.
The RG flow toward the IR is illustrated as
(gk ≈ 0, gk−1 ≈ g∗k−1, η ≈ 0)
↓
(gk ≈ g∗k, gk−1 ≈ 0, η ≈ 0) ↔ (gk−2 ≈ g∗k−2, gk−1 ≈ 0, y ≈ y∗, m/µ ≈ 0)
↓ dual ↓
(gk ≈ g∗k, gk−1 ≈ 0, η ≫ 1) ↔ (gk−2 ≈ g∗k−2, gk−1 ≈ 0, y ≈ y∗, m/µ≫ 1)
↓ integrating out Mrs
(gk−2 ≈ g∗k−2, gk−1 ≈ 0, η˜ ≈ 0).
At the end of cascade we would obtain the SU(2N) × SU(N) gauge
theory. The SU(2N) gauge sector has the 2N flavors and the quantum
deformed moduli space [25, 65], ∆W = X(detall Mrs − BB¯ − Λ4N), where
X is a Lagrange multiplier superfield, B and B¯ are baryon and anti-baryon
superfields, which are singlets under SU(N). If we assume that only B and
B¯ develop their VEVs, then baryons and mesons become massive. Thus the
effective theory becomes the pure SU(N) supersymmetric Yang-Mills theory
and finally the theory is confined.
21See also [60].
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5.2 RG flow of soft SUSY breaking terms in the dual-
ity cascade
Here, we study the RG flow of SUSY breaking terms in softly broken su-
persymmetric theories. We assume all soft SUSY breaking terms are free
parameters as in section 4. Applying the spurion method to the cascading
theory, we investigate the RG flow of soft SUSY breaking terms through the
duality cascade. We consider the SU(kN)×SU((k−1)N) gauge theory with
two pairs of chiral matter fields Qr and Q¯s and their superpotential (139).
The beta-functions of their gaugino masses, M
(k)
1/2 and M
(k−1)
1/2 , are written as
µ
dM
(k)
1/2
dµ
= −N(k + 2 + 2(k − 1)γQ)H ′(αk)αkM (k)1/2
−2(k − 1)NH(αk)∂γQ
∂αk
αkM
(k)
1/2
−2(k − 1)NH(αk) ∂γQ
∂αk−1
αk−1M
(k−1)
1/2 , (152)
µ
dM
(k−1)
1/2
dµ
= −N(k − 3 + 2kγQ)H ′(αk−1)αk−1M (k−1)1/2
−2kNH(αk−1) ∂γQ
∂αk−1
αk−1M
(k−1)
1/2
−2kNH(αk−1)∂γQ
∂αk
αkM
(k)
1/2, (153)
where H(α) = F˜ (α)/α ≈ α and H ′(α) = dH/dα.
As in Section 5.1, we start the RG flow at the energy scale Λ from the
vicinity of the fixed point A, i.e. (gk, gk−1, η) = (0, g
∗
k−1, 0). Around the fixed
point A, we have k − 3 + 2kγQ ≈ 0. As long as gk−1 is large and stable,
the second term in (153) reduces the gaugino mass M
(k−1)
1/2 exponentially as
the energy scale µ decreases. On the other hand, we find β
M
(k)
1/2
< 0 because
k + 2 + 2(k − 1)γQ > 0 and H(αk) ≈ αk ≈ 0. Thus, the gaugino mass M (k)1/2
increases as the energy scale µ decreases. However, such increase of M
(k)
1/2 is
not drastic during the weak coupling region of αk.
Next, the theory moves from the vicinity of the fixed point (gk, gk−1, η) =
(0, g∗k−1, 0) toward another fixed point, (gk, gk−1, η) = (g
∗
k, 0, 0), where k+2+
2(k − 1)γQ ≈ 0. Around the latter fixed point, we find βM (k−1)
1/2
> 0 because
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k− 3+ 2kγQ < 0, H(αk−1) ≈ 0 and M (k)1/2 becomes irrelevant as below. That
is, the gaugino mass M
(k−1)
1/2 decreases perturbatively as the energy scale µ
decreases.
On the other hand, the gaugino mass M
(k)
1/2 would be suppressed expo-
nentially in turn due to the second term in (152), as going toward the IR
fixed point. However we note that the third term cannot be neglected, when
αkM
(k)
1/2 is reduced to be comparable with αk−1M
(k−1)
1/2 . Then the gaugino
mass M
(k)
1/2 does not follow a simple exponential suppression. Rather it con-
verges to a certain value determined by αk−1 and M
(k−1)
1/2 obtained at the
renormalized scale.
If we admit using the one-loop anomalous dimension, then the RG behav-
ior discussed above could be explicitly examined. Here we shall look into the
theory on the renormalized trajectory given in Fig. 2. In Fig. 3, the gaugino
masses M
(k−1)
1/2 (µ) and M
(k)
1/2(µ) of the theory with k = 5 are plotted with
respect to the scale parameter ln(µ/µ0). At the scale µ0, the gauge couplings
are chosen as (αk, αk−1) = (0.0128, 0.04), which is a point on the renormal-
ized trajectory rather close to the fixed point A in Fig. 2. The initial values
at µ = µ0 are taken to be 1.0 for both gaugino masses.
Figure 3: RG running of the gaugino masses M
(k−1)
1/2 (µ) and M
(k)
1/2(µ)
with respect to ln(µ/µ0). The gauge couplings are given at µ = µ0 as
(αk, αk−1)=(0.0128, 0.04) and run along the renormalized trajectory.
It is seen that M
(k−1)
1/2 is reduced as discussed, but turns to be negative
due to the third term in (153), since M
(k)
1/2 glows slightly first. In the region
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II, the gaugino mass M
(k)
1/2 turns out to be suppressed strongly, while M
(k−1)
1/2
changes perturbatively. In Fig. 4, the log-plot of the gaugino mass M
(k)
1/2 is
shown by the bold line. It is also seen that the suppression behavior deviates
from the exponential one in the end and M
(k)
1/2 converges to a line. Indeed,
the convergence point of αkM
(k)
1/2 could be estimated as
αkM
(k)
1/2 ∼ −αk−1M (k−1)1/2 . (154)
Figure 4: RG running behaviors of the scalar mass lnm2Q and the gaugino
mass 2 lnM
(k)
1/2 are shown by dotted lines and the bold line, respectively.
Similarly, we examine the RG running of the soft mass squared m2Q. At
the vicinity of the fixed points, m2Q is also expected to be exponentially sup-
pressed as discussed in section 4.1. However existence of two gauge couplings
makes the situation more complicated. The RG equation for m2Q is given as
µ
dm2Q
dµ
= γQ(α˜k, α˜k−1)|θ2θ¯2 . (155)
Here, let us use the one-loop anomalous dimension given by (9). Then the
RG equation is reduced to be
µ
dm2Q
dµ
= −kαk(2|M (k)1/2|2 +∆k)− (k − 1)αk−1(2|M (k−1)1/2 |2 +∆k−1), (156)
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where
∆k = H(αk)
[
3k|M (k)1/2|2 − 2(k − 1)m2Q
]
, (157)
∆k−1 = H(αk−1)
[
3(k − 1)|M (k−1)1/2 |2 − 2km2Q
]
. (158)
In Fig. 4, the RG evolution of m2Q of the same theory on the renormal-
ized trajectory is shown by dotted lines. The initial values are taken as
lnm2Q = 0, 2.5, 5.0 just for the illustration. In the region I, we may neglect
subleading terms of αk and also Mk−1, since it is suppressed. Then, Eq.
(156) is approximated to be
µ
dm2Q
dµ
≃ 2k(k − 1)(α∗k−1)2m2Q − 2kαk|M (k)1/2|2. (159)
This equation tells us that m2Q is not just suppressed but converges as
m2Q →
1
(k − 1)(α∗k−1)2
αk|M (k)1/2|2, (160)
since running of αk|M (k)1/2|2 is rather slow. In the case of k = 5, the fixed point
coupling g∗k−1 is not large and the convergence is not so strong. In the region
II, running of M
(k)
1/2 changes to exponential suppression. However, similarly
to the behavior in the region I, it converges in the IR limit as
m2Q →
1
k(α∗k)
2
αk−1|M (k−1)1/2 |2. (161)
We summarize the RG flow of the gaugino masses and soft scalar masses
as the theory moves from the fixed point (gk, gk−1, η) = (0, g
∗
k−1, 0) toward the
fixed point (gk, gk−1, η) = (g
∗
k, 0, 0). At the first stage, i.e. the perturbative
regime of αk, the gaugino mass M
(k−1)
1/2 is suppressed, while M
(k)
1/2 and the soft
scalar mass squared m2Q increase perturbatively. In entering the conformal
regime of αk, both M
(k)
1/2 and m
2
Q begin exponential damping, while M
(k−1)
1/2
runs perturbatively. In the IR limit, the gaugino mass M
(k)
1/2 and the soft
scalar mass squared m2Q are found to converge to certain values determined
by αk−1 andM
(k−1)
1/2 . Hence, these parameters evolute to be of the same order
and are fixed in the IR limit irrespectively of their initial values.
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In addition to the gaugino masses M
(k)
1/2, M
(k−1)
1/2 and scalar mass mQ,
the SUSY breaking terms corresponding to the superpotential (139) may be
important, that is,
W = h(1−Ahθ2) tr det
r,s
(QrQ¯s). (162)
The RG flow behavior of the coupling µhAh is drastic following the anomalous
dimensions of Qr and Q¯s. Both RG flows of µh and µhAh are almost the
same. That implies that their ratio Ah does not change drastically
22.
The theory around the fixed point (gk, gk−1, η) = (g
∗
k, 0, 0) would be well-
described by its dual theory with the gauge coupling gk−2 and the yukawa
coupling y. The dual theory has the gaugino mass M
(k−2)
1/2 , soft scalar masses
of qr, q¯s and Mrs as mq and mM , the A-term a and the B-term b. The latter
two terms are associated with the superpotential (148) and are written as
W = y(1− Ayθ2)tr q¯rMrsqs +m(1− Bθ2)tr det
r,s
Mrs. (163)
Here, we denote a = yAy and b = mB. The exact matching relations of soft
terms between dual theories are not clear, but we assume that M
(k)
1/2(Λk) ∼
M
(k−2)
1/2 (Λk) and all of soft scalar masses are of the same order at Λk. Fur-
thermore, we assume that all of Ah, Ay and B are of the same order at
Λk.
When the gauge coupling gk−2 approaches toward its non-trivial fixed
point, the gaugino mass M
(k−2)
1/2 and soft scalar mass squared m
2
q are also
exponentially suppressed. This behavior is similar to that of M
(k)
1/2 and m
2
Q
discussed previously. Moreover, in the dual theory the yukawa coupling y
approaches to the fixed point y∗. In this case, a small deviation δy = y − y∗
is exponentially damping as (128). The spurion method leads that the A-
term coupling Ay is also suppressed exponentially. On the other hand, the
RG behavior of B is rather similar to one of Ah. It is found that both RG
flow behaviors of the mass m/µ and b/µ are almost the same and they are
determined by large anomalous dimensions of Mrs. However, their ratio B
22Note that the RG flow of η has no fixed point with a finite value of η. In our case, the
RG flow of Ah will be ruled by gauge couplings and gaugino masses which can be finite
values. In the region II, Ah will be affected by mainly α
n
k−1M
(k−1)
1/2 in the dimensionful
parameters.
72
does not change drastically23.
In the dual theory, not only m2q but also the sum of soft scalar masses
squared, m2q + m
2
q¯ + m
2
M , is also suppressed in the conformal region. That
implies that each of m2q and m
2
M is suppressed when m
2
q = m
2
q¯, which is the
relation we are assuming. However, we cannot neglect the effects through
SU(N(k−1)) gauge interaction such as the discussions of convergence points,
(154) and (161), in the original SU(Nk)× SU(N(k − 1)) theory.
The gaugino mass M
(k−2)
1/2 , the A-parameter Ay and the scalar masses
squared m2q and m
2
M in the dual theory are not just suppressed out, rather
converge to certain values given by αk−1 andM
(k−1)
1/2 in the IR limit again. It
is straightforward to solve the RG equations, if we admit using the one-loop
anomalous dimensions of q and M just as performed above. However, we
shall avoid to present a similar analysis here. It may be explicitly seen that
both m2q and m
2
M as well asM
(k−2)
1/2 and |Ay|2 converge the values of the same
order given by αk−1|M (k−1)1/2 |2. The meson field M belongs to the adjoint
representation of SU(N(k − 1)) group and suffers from the effects through
SU(N(k−1)) gauge interaction more. Therefore, m2M is found to be positive
and larger than m2q in the IR
24.
When the supersymmetric mass m of the chiral fields Mrs becomes large,
we integrate out these fields. Then, the low energy theory becomes the
SU((k − 1)N) × SU((k − 2)N) gauge theory with two pairs of bifunda-
mental and anti-bifundamental fields and the quartic superpotential, W =
h˜tr det qrq¯s. The theory has soft SUSY breaking terms, i.e. the gaugino
masses,M
(k−1)
1/2 andM
(k−2)
1/2 , and soft scalar massmq. In addition, we have the
SUSY breaking term corresponding to the superpotential W = h˜tr det qr q¯s,
that is,
W = h˜(1− θ2Ah˜)tr det qr q¯s. (164)
The size of Ah˜ may be of the order of B or Ay at the decoupling scale of Mrs.
If these SUSY breaking terms are smaller than other mass scales such as the
energy scale µ and the supersymmetric mass m, the above cascade continues
as rigid SUSY theory in Section 5.1. Through the cascade, the gaugino
masses and soft scalar masses are damping except the perturbative regime,
23Note that the RG flow of m/µ has no fixed point with its fine value. In this IR region,
B will be affected by mainly αnk−1M
(k−1)
1/2 in the dimensionful paramters.
24Soft masses for singlet mesonsM0rs may be driven to be negative because of the yukawa
couplings.
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where the theory moves from the fixed point (gk, gk−1, η) = (0, g
∗
k−1, 0) toward
the fixed point (gk, gk−1, η) = (g
∗
k, 0, 0). When we integrate out Mrs, which
are charged under the SU((k−1)N) gauge group, threshold corrections would
appear. For example, the gaugino mass M
(k−1)
1/2 would receive such threshold
corrections ∆M
(k−1)
1/2 , which would be estimated by ∆M
(k−1)
1/2 = O(αk−1B).
That would be small, because αk−1 is small. At any rate, if the cascade
continues, the total gaugino mass M
(k−1)
1/2 would be suppressed at the next
stage such as the gaugino mass M
(k)
1/2 is suppressed at the stage discussed
above.
As discussed above, the cascade would continue unless SUSY breaking
terms are comparable with other mass scales such as the energy scale µ and
the supersymmetric mass m. Gaugino masses and SUSY breaking scalar
masses would be suppressed through the cascade except the regime I, where
the gaugino mass M
(k)
1/2 would increase. On the other hand, the SUSY break-
ing parameters, B and Ah, would not be suppressed like the others. Note
that the B-term corresponds to the off-diagonal entries of mass squared ma-
trix of the fields Mrs, that is, eigenvalues of mass squared would be written
by |m|2 +m2M ± |mB|. A large value of |B| would induce a tachyonic mode.
Then, the scalar component of superfields Mrs may develop their VEVs and
the gauge symmetry SU((k − 1)N) may be broken. Also, through this sym-
metry breaking, the matter fields qr and q¯s may gain mass terms due to the
yukawa coupling with Mrs. Then, the duality cascade would be terminated
when mass parameters, |m|2, |mB| and m2M , are comparable 25. This type of
ending of the duality cascade could happen only in the softly broken super-
symmetric theories and such symmetry breaking would be important. Thus,
we will study such breaking more explicitly in the next section. Similar sym-
metry breaking would be realized not only in the “magnetic dual theory”,
but also in the original “electric theory” with the quartic A-term (162). If
the quartic A-term is comparable with SUSY breaking scalar masses mQ,
the origin of scalar potential of Q would be unstable and similar symmetry
25Similarly, the singlet meson fields M0rs may develop their VEVs depending on values
of their various mass terms. Their VEVs induce mass terms of dual quarks. If such masses
are large enough, the dual quarks would decouple and the flavor number would reduce to
be outside of the conformal window. Then, the cascade could end. In addition, scalar
components of qr and q¯s may develop their VEVs depending on values the A-terms and
their soft scalar masses as well as other parameters in the scalar potential. Their VEVs
break gauge symmetry and the cascade would end.
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breaking would happen. Such gauge symmetry breaking with reducing the
flavor number may correspond to the symmetry breaking by VEVs of Mrs
with inducing dual quark masses.
Whether Mrs include tachyonic modes depends on values of |m|2+m2M ±
|mB|, i.e. their initial conditions as well as matching conditions. In a certain
parameter region, the scalar fields Mrs may include tachyonic modes and
symmetry breaking may happen. In the other parameter regions, the cascade
would continue like the rigid supersymmetric theory. For example, when the
magnitude of SUSY breaking terms is much smaller than the supersymmetric
mass m and the energy scale µ, the cascade would continue in almost the
same way as the rigid supersymmetric theory. Then, it would end with the
pure SU(N) supersymmetric Yang-Mills theory with non-vanishing gaugino
mass.
5.3 Symmetry breaking
In the previous section, we have pointed out the possibility that a tachyonic
mode in the meson fields Mrs would appear because of soft SUSY breaking
terms and its VEV would break the symmetry. Here, we study this aspect
more explicitly.
5.3.1 SU(kN)× SU((k − 1)N) model
First, we study the SU((k − 2)N) × SU((k − 1)N) theory, which is dual to
the SU(N)×SU((k−1)N) theory. As discussed in the previous section, the
dual theory includes the meson fields Mrs, which have the supersymmetric
mass m, the SUSY breaking soft scalar masses mM and the B-term mB.
That is, their scalar potential V is written by
V = (|m|2 +m2M)
∑
rs
|Mrs|2 + (mB(M11M22 −M12M21) + h.c.) + V (k−1)D ,
V
(k−1)
D =
1
2
g2k−1D
2
(k−1), (165)
where D(k−1) denotes the D-term of the SU((k − 1)N) vector multiplet.
Here, we have assumed the SU(2) invariance for the (r, s) indices of Mrs.
The eigenvalues of mass squared matrix are given by
|m|2 +m2M ± |mB|. (166)
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Figure 5:
∏
i SU(Ni) quiver model
If |m|2 ≫ |m2M |, |mB|, the theory is almost supersymmetric and the duality
cascade would continue. (Note that m is the supersymmetric mass and the
others are masses induced by SUSY breaking.) However, if the masses (166)
include a negative eigenvalue, there appears a tachyonic mode at the origin
of the field space Mrs. Note that the D-flat direction corresponds to the
VEV direction, where Mrs are written by diagonal elements, that is, Cartan
elements. That implies that when a negative eigenvalue is included in (166),
such a direction would be unbounded from below in the tree-level scalar
potential. Thus, the meson fieldsMrs would develop their VEVs, whose order
would be equal to the cut-off scale of the SU((k−2)N)×SU((k−1)N) theory,
i.e. Λk. The VEVs of adjoint fieldsMrs break the gauge group SU((k−1)N)
to a smaller group and induce mass terms of qr and q¯s through the Yukawa
couplings yqrMrsq¯s.
5.3.2
∏
i SU(Ni) quiver model
The above analysis can be extended to the
∏
i SU(Ni) quiver gauge the-
ory with their bifundamental matter fields. We consider a subsector of the
quiver theory, that is, the SU(N1) × SU(N2) × SU(N3) gauge theory with
bifundamental matter fields, (N1, N¯2, 1) and (1, N2, N¯3) as shown in Fig. 5.
The SU(N1) and SU(N3) sectors would have other types of bifundamental
matter fields, but we neglect them 26. In addition, for simplicity we consider
26In each non-abelian gauge group, for example, we need vector-like matter fields in
order to cancel anomaly. However, we assume that the theory is anomaly-free at every
stage.
76
the case with N1 = N3. Here, we dualize the SU(N2) sector. Then, there
appear the dual matter fields q and q¯ with the representations (N¯1, N˜2, 1) and
(1, ¯˜2N,N3), where N˜2 = N1 − N2. In addition, the meson field M with the
representation (N1, 1, N¯3) appears and has yukawa couplings among q and
q¯. The supersymmetric mass term of the meson field in the superpotential
is not allowed, i.e. m = mB = 0. In this case, only the SUSY breaking
soft scalar mass mM as well as the D-term potentials appears in the scalar
potential of the meson field M . Thus, the scalar potential is simple. The
scalar mass squared m2M tends to converge to a positive value as discussed in
the previous section. Thus, the symmetry breaking may not happen by the
VEV of M in this theory.
When N1 = N3 = 2, supersymmetric mass terms of meson fields in the
superpotential would be allowed. Alternatively, when the model includes
anti-meson fields M¯ , the supersymmetric mass term would be allowed in the
superpotential. In these models, the corresponding B-terms would also be
allowed. Furthermore, in the latter model, there are D-flat directions, i.e.
M = ±M¯ . In this case, the scalar potential would be written by
V = (|m|2 +m2M)|M |2 + (|m|2 +m2M¯)|M¯ |2 + (mBMM¯ + h.c.)
+V
(N1)
D + V
(N3)
D , (167)
where V
(N1)
D and V
(N3)
D are D-term scalar potentials for the SU(N1) and
SU(N3) vector multiplets. This potential at the tree level is unbounded
from below along the D-flat direction M = ±M¯ if
2|m|2 +m2M +m2M¯ < 2|mB|. (168)
In addition, the meson fields include a tachyonic mode when
(|m|2 +m2M)(|m|2 +m2M¯) < |mB|2, (169)
or
(|m|2 +m2M)(|m|2 +m2M¯) > |mB|2 and 2|m|2 +m2M +m2M¯ < 0. (170)
Thus, various phenomena could happen depending on values of mass param-
eters, m, mM , mM¯ and mB, that is, the unbounded-from-below direction,
the symmetry breaking without the unbounded-from-below direction or no
symmetry breaking. Indeed, this situation is quite similar to what happens
in the Higgs scalar potential of the MSSM.
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Figure 6: Quiver diagrams of the illustrating model
5.4 Illustrating model
Here we give a simple example of theories, whose field contents are similar
to the MSSM or its extensions and where symmetry breaking would happen.
We consider the gauge group U(3) × USp(6)L × USp(6)R × U(1) and
three families of bifundamental fields, Q˜L : (3, 6, 1, 0), Q˜R : (3¯, 1, 6, 0), L˜L :
(1, 6, 1,−1) and L˜R : (1, 1, 6, 1) and the superpotential
W = hQ˜LQ˜RL˜LL˜R. (171)
We expect that first the gauge couplings of USp(6)L × USp(6)R would
approach to their non-trivial fixed point. Then, the USp(6)L × USp(6)R
sector is dualized, that is, the gauge group is U(3)×USp(2)L×USp(2)R×U(1)
as shown in Fig. 6. Note that USp(2) ≃ SU(2). In addition we would
have matter fields, QˆL : (3¯, 2, 1, 0), QˆR : (3, 1, 2, 0), LL : (1, 2, 1, 1) and
LR : (1, 1, 2,−1). Also, we would have several “meson fields”M : (3, 1, 1,−1)
and M¯ : (3¯, 1, 1, 1), which have mass terms mMM¯ and Yukawa couplings
with QˆL, QˆR, LL and LR, but they can be integrated out because of heavy
mass terms mMM¯ . Then, we obtain the superpotential
W = hˆQˆLQˆRLLLR. (172)
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Next, we expect that the gauge coupling of SU(3) approaches to the
conformal fixed point. Then, the U(3) sector is dualized. The gauge group
is U(3)×USp(2)L ×USp(2)R ×U(1) and we would have matter fields, QL :
(3, 2, 1, 0), QR : (3¯, 1, 2, 0), LL : (1, 2, 1, 1) and LR : (1, 1, 2,−1) as well as
several “Higgs fields” H : (1, 2, 2, 0). The superpotential is obtained as
W = yQQLQRH + yLLLLRH +mHH. (173)
Note that the operator (172) corresponds to yLLLLRH . However, the gauge
symmetry U(3)×USp(2)L × USp(2)R ×U(1) allows the mass terms mHH .
Thus, we assume that such terms would be induced and we have added such
terms. Then, if SUSY breaking terms induce a tachyonic mode of H , the
symmetry USp(2)L × USp(2)R would be broken.
In this model, USp(2)L and USp(2)R symmetry breaking would happen at
the same time. Although the left-right asymmetry is required for a realistic
model, it would be difficult to generate such left-right asymmetry in this
model. Some modification is necessary for a realistic model. At any rate,
this model is an illustrating model for symmetry breaking. Such symmetry
breaking by SUSY breaking terms in the duality cascade may be important,
e.g. to realize the standard model at the bottom of the cascade.
5.5 Conclusion in section 5
We have studied the RG flow of softly broken supersymmetric theories show-
ing the duality cascade. We find that conformal dynamics realizes approx-
imate R-symmetry in the duality cascade as the discussion in section 4 as
follows. Gaugino masses, A-term and scalar masses are suppressed in most
regime of the RG flow although they increase in a certain perturbative regime.
After exponential damping, the gaugino mass M
(k)
1/2 corresponding to the
strongly coupled sector converges to a certain value, which is determined by
the gauge coupling αk−1 and the gaugino mass M
(k−1)
1/2 in the weakly coupled
sector. The scalar mass would also converge to the same order value. At the
next stage of the cascade, the strongly and weakly coupled sectors are inter-
changed with each other and the gaugino mass M
(k−1)
1/2 would be suppressed.
Thus, through the sequential cascade, the magnitude of gaugino masses and
scalar masses would be suppressed.
The B-term may be important. In a certain parameter region, the B-term
would induce tachyonic modes ofMrs and symmetry breaking would happen.
Such an aspect would be important to realistic model building.
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The RG flow of SUSY breaking terms in the cascading theory is quite
non-trivial as the RG flow of gauge couplings. The gravity dual of the cas-
cade rigid supersymmetric theory has been studied extensively. However,
our analysis implies that the dilaton is also running as e−φ ∼ α−1k + α−1k−1
[27], but the supergravity solution of the D3-brane does not admit this run-
ning behavior and most of the supergravity dual theories concentrate on the
constant dilaton backgrounds. In this sense, the suppression of the gaugino
masses would be a quite different mechanism from the suppression due to
the warp factor as already pointed out in [66, 67, 68, 69]. The region of RG
flow in our study might be outside of the supergravity approximation, but
it would be quite interesting to study the gravity dual side corresponding to
the RG flow of SUSY breaking terms including the dilaton running.
We have considered the scenario that supersymmetry is broken at high
energy and investigated the RG flow of SUSY breaking terms. Alternatively,
we could consider another scenario that supersymmetry would be broken at
some stage of the cascade. For example, supersymmetry is broken dynami-
cally through the cascade and such breaking is mediated to the visible sector.
Such a study would also be important.
6 Summary
In section 2, we studied SUSY breaking in local and global supersymmetric
theory. The NS argument suggests that U(1)R symmetry plays an important
role in building the models which cause SUSY breaking. We discussed the
features of R-symmetric models which have SUSY breaking vacua in section
2.1. We suggest that it is the sufficient condition for SUSY breaking that
the number of fields with R-charge 2 is larger than the number of U(1)R-
invariant independent operators which couple with the fields with R-charge
2. In the model, there is no supersymmetric vacuum and the minimum of the
potential is given by the F-terms of the fields with R-charge 2. On the other
hand, there are runaway directions in the model with fields whose R-charges
are negative and/or more than 2.
In section 2.2, we studied the effect of explicit R-symmetry breaking terms
in global supersymmetric models. Based on the argument by ISS, we have
shown that certain classes of explicit R-symmetry breaking terms can restore
SUSY, and the original SUSY breaking vacuum can become metastable.
In section 2.3, we discussed SUSY breaking in local supersymmetric mod-
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els. It is a challenging issue in supergravity models to realize the almost
vanishing vacuum energy. The vacuum energy may be tuned to vanish, e.g.,
by the constant superpotential term, which is a sizable R-symmetry break-
ing term. That would affect all of vacuum structure such as metastability of
SUSY breaking vacua and presence of SUSY preserving vacua. We studied
this vacuum structure by using the generalized O’Rraifeartaigh model added
certain classes of R-symmetry breaking terms such that the vanishing vac-
uum energy is realized. We found that the metastability of SUSY breaking
vacua can be avoided by limiting classes of R-symmetry breaking terms.
In section 3, we argued that conformal dynamics causes SUSY breaking
vacua based on the argument in section 2. We find that fields with R-charge 2
play a key role in SUSY breaking and their quadratic and trilinear couplings
destabilize the SUSY breaking vacua in explicit R-symmetry breaking mod-
els. Conformal dynamics can realize the suppression of unpleasant terms, so
that it causes long-lived metastable SUSY breaking vacua. This is because
conformal dynamics makes approximate R-symmetry recovered at a low en-
ergy scale. We found that approximate R-symmetry can be realized even in
softly SUSY breaking theories in section 4. In fact, gaugino mass and A-term,
which are soft SUSY breaking and explicit R-symmetry breaking terms, are
suppressed corresponding to a gauge coupling and yukawa couplings going
to IR fixed points. These suppressions appear even in more complicated,
such as the duality cascade. Conformal dynamics allows Seiberg dual near
an IR fixed point, and we call sequential Seiberg dual the duality cascade.
In section 5, we found that gaugino masses and A-term are suppressed as
long as the cascade continues. However, B-term remains to be a finite value
at a low energy scale, so there is a possibility that the B-term causes gauge
symmetry breaking corresponding to EW symmetry breaking. We suggest a
scenario that a SM-like model appear at the bottom of the duality cascade,
based on the above arguments.
Conformal dynamics plays important roles in various aspects of (super-
symmetric) field theories and particle phenomenology, and other good as-
pects of models with conformal dynamics are also suggested. For example,
conformal dynamics realizes not only suppressions of flavor-dependent SUSY
breaking terms [17, 18, 19, 20, 21, 22, 70], but also realistic hierarchies of
quark and lepton masses [57, 61, 62]. Our models, which we introduce in
section 3, 4 and 5, are also expected to realize the interesting aspects for phe-
nomenology. However, we have not yet discussed application of our model,
especially in section 5, for phenomenology explicitly. This is our future work.
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A Supersymmetric masses involving R-axion
In this appendix, we show some general results for the SUSY masses for the
scalar component of an R-axion multiplet. For this analysis, it is convenient
to redefine the R-charged superfield Y by
R =
2
qY
lnY,
where R can be interpreted as the R-axion superfield. (Note that R = −aT
in Eq. (56).) In this basis, the Ka¨hler potential and the superpotential (3) is
written as
K = K(R + R¯, χi, χ¯i),
W = eRζ(χi). (174)
From Eq. (174), we find W−1∂mY W = 1 where m = 1, 2, . . . ., and obtain
GRR = KRR +W
−1WRR − (W−1WR)2 = KRR = KRR¯,
GχiR = KχiR +W
−1WχiR − (W−1Wχi)(W−1WR) = KχiR = KχiR¯.
Substituting these into the general formulae for the second derivatives at the
SUSY point,
VIJ¯
∣∣∣
DKW=0
= eG(GMN¯GMIGN¯J¯ − 2GIJ¯),
VIJ
∣∣∣
DKW=0
= −eGGIJ ,
we find
VRR¯
∣∣∣
DKW=0
= VRR
∣∣∣
DKW=0
= −KRR¯m23/2, (175)
VχiR¯
∣∣∣
DKW=0
= VχiR
∣∣∣
DKW=0
= −KχiR¯m23/2, (176)
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where m23/2 = e
G is the gravitino mass square.
From Eq. (175), the mass squared eigenvalues of (ReR, ImR) can be
calculated as 0 and −2m23/2 with the canonical kinetic terms normalized by
KRR¯ > 0. The first massless eigenmode corresponds to the R-axion scalar
associated to the spontaneously broken global U(1)R symmetry. The second
negative-definite eigenvalue indicates that the special SUSY solution (51)
is at best a saddle point solution. Note that the gravitino mass m3/2 is
nonvanishing at this point and the vacuum energy is negative. We also find
from Eq. (176) that the mixing-mass between R and χi is vanishing if the
Ka¨hler (kinetic) mixing is vanishing, KχiR¯ = 0. In this case, the R-axion
direction is completely separated from the other fields χi, that is, the above
mass eigenvalues of R-axion multiplet become exact in this case.
Finally we comment that the second derivatives (175) and (176) are all
vanishing at the SUSY point (50) where m3/2 = 0. In this case, both the real
and the imaginary scalar component of R-axion multiplet remain massless.
Note that Eq. (51) may also allow a solution even in this case if ζ is not a
generic function.
B Supergraph formalism
We discuss superfield propagators and Feynman rules for supergraphs, based
on Ref.[38]. Let us consider the Langarangian of Φ, chiral superfield, as
follows.
L =
∫
d4θ{1
2
(
Φ Φ†
)
M
(
Φ
Φ†
)
M =
(− m
4
D2 1
1 − m
4
D
2
)
+ Lint
(177)
We define the generating function for superfield Green functions,
Z[J, J†] =
〈
0
∣∣Texp[i ∫ d4θd4x{J(z)(−1
4
D2

)
Φ(z)
+ J†(z)
(
−1
4
D2

)
Φ†(z)}]∣∣0〉 (178)
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, where z is defined as z = (x, θ, θ) and we use the below relation,
δ
δJ(x, θ, θ)
J(x′, θ′, θ
′
) = −1
4
D
2
δ4(θ − θ′)δ4(x− x′). (179)
D and D are covariant derivative, and also satisfy the identities,∫
d4xd2θ(−1
4
D
2
f(z)) =
∫
d4xd4θf(z)∫
d4xd2θf(z) =
∫
d4xd4θ(−1
4
D2

)f(z).
(180)
We define Z0[J, J
†] as the generating functional for free superfield Green’s
functions, and Z[J, J†] is described as
Z[J, J†] = exp{i
∫
d4xLint
(
δ
δJ
,
δ
δJ†
)
}Z0[J, J†]. (181)
We find Z0[J, J
†],
Z0[J, J
†] = exp{− i
2
∫
d4xd4θd4x′d4θ′
(
J J†
)
∆GRS(z, z
′)
(
J
J†
)
}, (182)
where ∆GRS is the propagator introduced by Grisaru, Rocˇek and Segel [38]:
∆GRS(z − z′) = 1
−m2
(− m
4
D2 1
1 − m
4
D
2
)
δ(z − z′). (183)
We consider renormalizable superpotential, W (Φ) = m
2
Φ2+ λ
6
Φ3, so that Lint
is given by
Lint
(
δ
δJ
,
δ
δJ†
)
=
∫
d4xd2θ
(
1
i
D
2
D2
16
δ
δJ
)
+ h.c. , (184)
where we use
DD2D
2
=16D
2
D2D
2
D2 =16D2.
(185)
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The vertexes can be obtained form the following formula by using (180),
∫
d4xd4θLint
(
δ
δJ
,
δ
δJ†
)
J(z1)J(z2)J(z3) = −λ
6
∫
d4xd2θ
(
δ
δJ(z)
)3
J(z1)J(z2)J(z3)
=− λ
∫
d4xd4θδ8(z1 − z){−1
4
D2
2
δ8(z2 − z)}{−1
4
D3
2
δ8(z3 − z)}.
(186)
On the other hand, the propagator of vector superfield is described as
∆V (z, z
′)AB = − 1

δABδ(z − z′). (187)
Now we find out Feynman rules for supergraph. Each vertex includes a
factor of −1
4
D
2
or −1
4
D2 acting on each chiral (or antichiral) superfield, but
we omit one −1
4
D
2
(or −1
4
D2) and integrate
∫
d4xd4θ. The amputated one-
particle-irreducible graphs in the effective action should have each amputated
external line, so −1
4
D
2
(or −1
4
D2) should be omitted at a vertex for each
external chiral (or antichiral) superfield.
The Feynman rules and the GRS propagators give a loop graph with n-th
vertexes an expression of the following form:
(D21)
l1(D1)
k1δ4(θ1 − θ2)(D22)l2(D2)k2δ4(θ2 − θ3)....(D2n)ln(Dn)knδ4(θn − θ1),
(188)
where li, ki are 0 or 1, and we use (185). It is integrated over d
4θ1..d
4θn. We
find the n-th point Green functions are always given by the form of∫
d4θΠni=1d
4xiGn(x1, ..., xn)f(Φ, DΦ, ..). (189)
The function f depends on superfields and covariant derivatives, so that this
result leads to non-renormalization of the superpotential, since the form of
each loop graph is
∫
d4θ.
Furthermore, we discuss power counting rules to look into the degree of
the divergence. All renormalizable vertexes go as D4 ∼ p2, and external
chiral lines go as 1/D2 ∼ 1/p. Loops go as d4p/D4 ∼ p2, because 4 D are
used to cancel a loop’s delta function, such as δ4(θn−θ1) in (188). Eventually,
the degree of the divergence, ω, is given by
ω = 2L− 2P − C + 2V − E = 2− C −E, (190)
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where L, P , C, V, and E denote the number of Loops, propagators ((∆GRS)11,22),
chiral propagators((∆GRS)12,21), vertexes, and chiral external lines respec-
tively, and we use L = 2P − V + 1. This result means that we find the
divergence is at most logarithmic.27
SUSY breaking terms can be incorporated into the superspace perturba-
tion by using spurion superfields we introduce in the Sect.C. In the spurion
formalism, the spurion superfields, which include the SUSY breaking terms
as the components, are treated as external fields in perturbation. This does
not destroy the above argument, so that the absence of quadratic divergence
is ensured.
C Spurion Technique
We discuss the spurion method, based on Ref. [31, 34]. The soft SUSY
breaking terms, which does not cause quadratic divergence, are restricted to
the following,
Lsoft =−
∫
d4θ(m2ijθ
2θ
2
)Φi†Φj −
∫
d2θ(Mθ2)
1
g2
Tr(W αWα)
−
∫
d2θ
1
2
(µijθ
2)ΦiΦj −
∫
d2θ
1
6
(hijkθ
2)ΦiΦjΦk + h.c.
(191)
It is possible that we check these are soft SUSY breaking terms according
to appendix app:superfield. First, we concentrate on the contributions of
yukawa couplings, A-term hijk and scalar mass terms m
2
i . Based on the non-
renormalization of the superpotential, the effective Lagrangian in this case
is given by,
Leff =
∫
d4θZ˜i(θ, θ)Φ
†
iΦi +
∫
d2θ
1
2
(m0ij − µijθ2)ΦiΦj
+
∫
d2θ
1
6
(y0ijk − h0ijkθ2)ΦiΦjΦk + h.c.
(192)
Since the renormalization of (anti-)chiral superfields must be also (anti-
)chiral, Z˜i(θ, θ) should be described as the following form,
Z˜i(θ, θ) = Zi(θ)
†(1−m2i θ2θ
2
)Zi(θ). (193)
27D-term does not receive radiative corrections, as far as gauge symmetry is preserved.
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Under this description, the renormalized yukawa coupling superfields can be
defined as
Yijk(θ) = yijk − hijkθ2 = Z−1i (θ)Z−1j (θ)Z−1k (θ)(y0ijk − h0ijkθ2). (194)
These correspond to field redefinitions of (anti-)chiral superfields. Yijk(θ)
are treated as external fields in perturbation. Furthermore, we find that the
superfield propagators in the softly broken theories are modified from ∆GRS ,
∆ijsoft = (1 +
1
2
m2i θ
2θ
2
)∆ijGRS(1 +
1
2
m2jθ
2θ
2
). (195)
In other words, this modification means that yukawa couplings are modified
as follows,
y˜ijk = Yijk +
1
2
(m2i +m
2
j +m
2
k)yijkθ
2θ
2
. (196)
Eventually, the dependence of Z˜i(θ, θ) is given by,
Z˜i(θ, θ) = Z˜i(y˜ijk, ¯˜yijk). (197)
We define Zi as the wave function renormalization factors of Φi in super-
symmetric models without soft terms, so that Z˜i satisfy Z˜i(yijk, y¯ijk) =
Zi(yijk, y¯ijk).
We can also discuss gauge coupling and gaugino mass, according to the
above argument. Before the discussion about the soft term, we review the RG
flow of gauge coupling. The holomorphic gauge coupling S is renormalized
only at 1-loop [71]. The RG equation for the holomorphic coupling is given
by
µ
dS
dµ
=
1
16π2
(3TG −
∑
i
Ti), (198)
where TG = C2(G) and Ti = T (Ri) for the gauge representation Ri of the
chiral superfield Φi. The relation between the holomorphic gauge coupling
and the physical gauge coupling α is given by
8π2(S + S†)−
∑
i
Ti lnZi = Fg(α)
Fg(α) =
1
α
+ TG lnα +
∑
n>0
anα
n,
(199)
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where α = g
2
8π2
and an are scheme dependent constants. The NSVZ scheme
corresponds to the case of an = 0 for all n. Eventually, we find the relation
(199) gives the exact beta function,
µ
d
dµ
α = βα =
1
F ′g(α)
{3TG −
∑
i
Ti(1− γi)}, (200)
where γi denotes the anomalous dimension for Φi,
γi = −µd lnZi
dµ
. (201)
Now we discuss the soft SUSY breaking term, gaugino mass, according to
the discussion about the scalar masses and A-term. In softly broken theory,
the holomorphic gauge coupling is modified as follows,
S˜ =
1
g2h
(1− 2M1/2θ2). (202)
Furthermore, (197) and (199) gives the following description,
8π2(S˜ + S˜†)−
∑
i
Ti ln Z˜i = Fg(α˜). (203)
where α˜ is defined as follows,
α˜ = α(1 +M1/2θ
2 +M 1/2θ
2
+ (2|M1/2|2 +∆g)θ2θ2), (204)
and ∆g is given by
∆g =
1
αF ′g(α)
{
∑
i
Tim
2
i − (α2F ′g(α))′|M1/2|2}. (205)
On the other hand, we find the dependence of Z˜i by applying the argument
about yukawa coupling,
Z˜i(θ, θ) = Z˜i(α, y˜ijk, ¯˜yijk). (206)
Finally, we find RG equations of soft SUSY breaking terms we introduce in
Sect.4. We define the beta functions of gauge coupling and yukawa coupling
as Sect.4,
µ
dα˜
dµ
= βα(α˜, y˜ijk, ¯˜yijk), µ
dy˜ijk
dµ
= βyijk(α˜, y˜ijk,
¯˜yijk). (207)
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The beta-function of the gaugino mass M1/2 is obtained as
µ
dM1/2
dµ
=
(
M1/2α
∂
∂α
− aijk ∂
∂yijk
)(
βα
α
)
≡ D1
(
βα
α
)
. (208)
The RG equation for the A-term is
µ
dhijk
dµ
=
1
2
(γi + γj + γk)hijk − (D1γi +D1γj +D1γk)yijk. (209)
The RG equation for the soft scalar mass mi of a chiral superfield φi is
obtained as
µ
dm2i
dµ
= γi(α˜, y˜ijk, ¯˜yijk)|θ2θ¯2 . (210)
This leads the following,
µ
dm2i
dµ
= D2γi , (211)
D2 = D1D¯1 + (|M1/2|2 +∆g)α ∂
∂α
+
1
2
(m2i +m
2
j +m
2
k)
(
yijk
∂
∂yijk
+ y¯ijk
∂
∂y¯ijk
)
. (212)
The above results, such as the coupling superfields given by (204) and
(196) are also supported by the symmetry argument [33, 72]. Once we sup-
pose that the coupling superfields are dynamical, then the softly broken the-
ories have a global U(1)Φi symmetry corresponding to each chiral superfield
Φi,
Φi →eTiΦi,
Z˜i →e−T
†
i Z˜ie
−Ti
Yijk →e−TiYijk
S →S − T
8π2
∑
i
Ti,
(213)
where Ti is also a chiral superfield. YijkZ˜
−1
i Y
†
ijk is given as an invariant form.
This leads the deformation of yukawa couping in (196). The symmetry also
gives the deformation of gauge coupling in (204).
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